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Alpha-1 antitrypsin (AAT) deficiency is caused by a single nucleotide substitution, 

which may cause chronic obstructive pulmonary disease (COPD), emphysema, liver 

fibrosis, or cirrhosis. The central event in AAT deficiency-associated liver disease is 

beta sheet polymerization, which disrupts the global protein synthesis dynamic within 

the ER. To counter the aggregated protein’s toxic effects, cells induce several 

responses, such as the ER overloading response (ERO), unfolded protein response 

(UPR), and autophagy. Several therapeutic methods have been proposed to remove 

the toxic aggregation, such as small molecule polymerization inhibition, autophagy up-

regulation, RNA interference, and genomic correction. 

To validate the active cellular response to AAT deficiency in hepatocytes, we 

focused on mutant Z-AAT expressing cell line models established from PI ZZ patients or 

Chinese hamster ovary (CHO) cells. We confirmed that UPR and ERO pathways are 

activated in these models. To restore the protein synthesis dynamics within the ER, we 

implemented two approaches to eliminate polymerized Z-AAT. We first designed a 

novel gene therapy strategy using a single chain variable fragment (scFv) derived from 

a monoclonal antibody to inhibit AAT polymerization; we can further improve the scFv-
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ZAAT complex degradation by adding a FKBP12 tag recognized by proteasome 

machinery. We confirmed that reduction of Z-AAT polymerization leads to decreased 

cell stress levels. Although the scFv can recognize both M and Z-AAT, the expression of 

scFv-FKBP12 does not interfere with the secretion or activity of wild-type M-AAT in the 

cells.  

The second approach is to deliver wild-type M-AAT to the liver through portal 

vein injection. We found that this treatment can significantly reduce intracellular Z-AAT 

accumulation. We further proved that intracellular Z-AAT was interact and secreted 

together with overexpressed M-AAT. 

These two gene therapies present novel approaches for the treatment of human 

conformational diseases, in this case AAT deficiency. Our future studies will focus on 

the detailed mechanisms of the protein-protein interaction and how cells respond to 

these two therapies. 
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CHAPTER 1 
LITERATURE REVIEW 

Introduction to Alpha-1 Antitrypsin and Deficiency  

Alpha-1 antitrypsin (AAT) is an acute phase glycoprotein synthesized and 

secreted by the liver. It is the second most abundant circulating protein in the plasma 

and its serum half-life is 4-5 days (1). Its major function is to protect the lungs against 

proteolytic damage from neutrophil elastase (NE) by irreversibly docking its inhibition 

site to NE’s proteolytic active site (2). 

AAT is a 12.2 kb gene located on chromosome 14q32.1 and designated by 

protease inhibitor locus. It has four coding exons, II, III, IV, and  V, and three non-coding 

exons at the 5’ region only translated in macrophages (3). The length of AAT mRNA 

produced depends on the synthesis location. In hepatocytes, AAT is transcribed into a 

1.6 kb mRNA which encodes a 394 amino acid peptide. Downstream the peptide is 

glycosylated and folded into a 52 kDa glycoprotein with three asparagine-linked 

carbohydrate side chains (4, 5). 

More than 100 variants have been described in various populations. Some 

variants are named for their migration speed under isoelectric focusing conditions as 

fast (F), medium (M), slow (S), and very slow (Z). Clinically, variants are divided into 

three major groups. Protease inhibitor (PI)*M represents the most common allele in all 

populations described; individuals who are homozygous carriers have a mean value of 

1.3 g/L circulating AAT. The second group are patients with PI*S or PI*Z alleles who 

have below normal AAT serum concentration levels that are associated with lung or 

liver disease. The last group, null alleles produce no serum AAT and these patients 

have shown increased risk of lung disease (6, 7) and HIV infection (8). 
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AAT Deficiency Pathogenesis 

AAT deficiency (AATD) was first discovered by Laurell and Eriksson in 1963. In 

reviewing 1500 serum protein electrophoreses (SPEP) over six months, Laurell found 

three of five individuals missing the AAT protein band had emphysema at young ages 

and one had a family history of emphysema. After that, the cardinal clinical features of 

AATD were established as absence of a protein band in the α-1 region of the SPEP, 

early-onset emphysema, and a genetic predisposition (9, 10). 

The most common variant that causes deficiency is the Z mutation. This co-

dominant mutation is a G to A substitution in Exon V, which causes a single amino acid 

substitution of a positively charged lysine for negatively charged glutamic acid at 

position 342 (11). This mutation causes abnormal folding of AAT, which leads to 

polymerization and accumulation within the ER. Although polymerization was observed 

long time ago, the mechanism, β sheet insertion or domain swap, is still under debate 

(12). However, there is more evidence to support the β sheet insertion model as the 

likely mechanism in vivo (13, 14). 

AAT deficiency is more prevalent in Caucasians, but it has been detected in 

virtually every population, culture, and ethnic group. The direct approach which is based 

on screening studies showed that the frequency of PI ZZ in United States is 1/4455, 

which is approximately 70,000 individuals (15-17). 

The instability of the β-sheet of the Z mutation leads to two major clinical 

manifestations, including loss-of-function lung disease and gain-of-toxic-function liver 

disease (18, 19). Due to lack of AAT, an important protease inhibitor, the lungs are 

exposed to proteolytic attack by neutrophil elastase (NE), creating a consequent risk of 

early on-set of emphysema. Also, AATD as a very important genetic factor was found in 
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1-2% of individuals affected with chronic obstructive pulmonary disease (COPD) (20). 

Cigarette smoking will significantly increase the risk of AATD- associated lung disease. 

Median life expectancy for smokers with AATD is between 40–49 years, 10-15 years 

shorter than non-smokers (21).  

The mechanisms of AATD-associated liver disease are not as well understood as 

those of lung disease. Clinical studies show only 10-15% of PI ZZ individuals will 

develop liver disease (22). Indications are that there must be a “second hit”, such as 

environmental or genetic factors that lead to liver disease (23, 24). It has been shown 

that β-sheet insertion based polymerization causes Z-AAT to accumulate within the 

endoplasmic reticulum (ER), inducing ER stress, but the exact mechanism(s) by which 

the accumulated protein leads to cellular injury is unknown (25). ER associated 

degradation (ERAD) is a very efficient system for disposal of misfolded AAT and 90% of 

newly synthesized Z-AAT is degraded by this pathway (26).  

Cellular Mechanisms Related To AAT Deficiency 

Unfolded Protein Response 

Proteins depend on chaperone-mediated assistance to fold into their correct 

native conformation. Misfolded proteins are retained in the ER either to be refolded or 

degraded. Normally homeostasis can be maintained and the ER has an elaborate 

feedback and regulation system to prevent retained proteins from exceeding its folding 

capacity. If accumulation of unfolded proteins in the ER exerts stress on the organelle, a 

signal cascade, referred to as the unfolded protein response (UPR), will be activated to 

maintain the ER’s folding capacity. UPR is composed of three major pathways. The first 

is the protein kinase RNA-like endoplasmic reticulum kinase (PERK) pathway. When 

this pathway is activated, PERK will phosphorylate the eukaryotic translation initiation 
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factor 2-α (Eif2α), attenuating protein translation and subsequent protein synthesis. The 

second is the activating transcription factor-6 (ATF6) pathway. Here, the signal will 

primarily activate a series of chaperones to help protein folding. The third is the inositol-

requiring protein-1 (IRE1) pathway, wherein the activated IRE1 will splice a target 

mRNA called X-box binding protein 1 (XBP1). Only the spliced form of XBP1 will induce 

the expression of protein degradation genes and some heat shock proteins (27, 28). 

Studies show that under the ER’s sophisticated protein-folding environment, 

newly synthesized Z-AAT undergoes one of two checkpoint branches. One is the 

initiation of protein chaperone facilitated AAT conformation maturation and the other 

processes through selective ER associated degradation (ERAD) in 26S cytosolic 

proteasomes (29). However, ERAD is easily saturated and it will lead to accumulation of 

unfolded proteins within the ER, activating UPR (27). As a branch of UPR, ERAD is 

boosted and the degradation rate is coordinated by the IRE1-XBP1 pathway (30). 

Autophagy 

Other than ERAD, cells have another bulk degradation mechanism called 

macroautophagy or autophagy to degrade unfolded proteins such as Z-AAT. Autophagy 

is a highly conserved cellular process by which cells recycle cytoplasm and dispose of 

excess or defective organelles. Cytosolic double membrane vesicles, also called 

autophagosomes, are formed to surround those materials for lysosomal or vacuolar 

disposal (31). A series of autophagy related genes (Atg) are responsible for several 

continuous steps, like induction, cargo recognition and packaging, vesicle formation, 

and break down. Atg 8 also called microtubule-associated protein 1 light chain 3 (LC3) 

is the most commonly used marker to monitor the autophagy process in mammalian 

cells (32). In contrast to macroautophagy, another degradation pathway is named 
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chaperon mediated autophagy (CMA). In CMA, a highly specific subset of cytosolic 

proteins with the motif (VKKDQ) are recognized by the heat shock cognitive protein 70 

(Hsc 70) chaperone and degraded in lysosome. Studies suggest accumulation of Z-AAT 

polymers will stimulate autophagy turnover (33) and the defect in the autophagy 

pathway could be the reason of the cell’s vulnerable to toxic Z-AAT aggregation within 

the ER (34). Further studies have shown that autophagy appears to be a non-selective 

degradation mechanism for accumulated Z-AAT, as opposed to selective-ERAD (35). 

However, this evidence shows good support for the functionality that autophagy plays in 

the toxic gain-of-function condition and it also sheds light on the “second-hit” theory, 

wherein another malfunction is needed to cause liver disease in the AAT deficient 

individual. 

ER Overloading Response 

Another major ER stress pathway activated by misfolded proteins is the ER 

overloading response (EOR). It was first described as a cellular response to viral protein 

accumulation in the ER (36). Its central signaling molecule, transcriptional factor nuclear 

factor κB (NF-κB), plays a very important part in regulating multiple genes activated by 

ER stress (36). However, the question of whether NF-κB behaves as a cancer-prone or 

apoptotic-prone signal has been debated for a decade. Supporters of the cancer-prone 

theory have shown that after overexpression of Z-AAT, elevation of IL-6 and IL-8 is 

correlated with increased NF-κB activity and degradation of IκB-α and IκB-β (37). Also 

in a clinical study, IL-8 was shown to promote angiogenesis in tumors (38).  However, 

apoptotic-prone theorists have more convincing evidence showing that Z-AAT 

accumulation is associated with an intense apoptotic response (39, 40). Studies show 

that up-regulation of caspase-4 is specifically induced by ER stress (41). Also there is 
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evidence that the mitochondria apoptosis pathway is involved in Z-AAT induced ER 

stress by up-regulation of pro-apoptotic Bcl-2 family members Bax and Bak (39). 

Current Therapy for AAT Deficiency 

Current therapy for lung disease in AATD is the well-established augmentation 

therapy, which is weekly or bimonthly administered normal AAT purified from pooled 

human plasma. This treatment can achieve a total protein level above the protective 

threshold of 0.5g/L (42), but there are several limitations for augmentation therapy. First, 

it is associated with several side effects, such as headaches, fever, urticaria, and 

fatigue, but serious side effects like anaphylaxis and precipitation of heart failure are 

uncommon (43, 44). Second, production of AAT is very limited because of its source. 

Alternative production has been studied using bacteria (45), yeast (46), or milk from 

sheep (47) as a factory, but results are disappointing because glycosylation of 

synthesized AAT is different from the purified human form, which may cause safety 

issues, such as immune response or severe allergy. The last and most important 

limitation of augmentation therapy is that it can’t prevent AATD related liver disease. 

Currently, the only treatment for AATD liver disease is liver transplantation. However, 

the major drawbacks of transplantation are obvious, including lack of donors, 

immunosuppression issues, and a significantly higher mortality rate. Therefore, 

alternative therapies have been under research in the past two decades. All novel 

treatments can be filed into the following four categories. 

AAV Based M-AAT Gene Delivery 

As an extension of augmentation therapy, this strategy is based on the idea of 

replacing the defective Z-AAT gene and producing normal protein that can be functional 

in circulation. Gene therapy in animal models has used several different methods, 
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including retroviral, adenoviral, adeno-associated viral, and liposomal vectors (48). 

Recombinant adeno-associated viral (rAAV) vectors have proven to be the most 

effective delivery system, capable of achieving therapeutic levels of AAT (49) and less 

likely to induce an inflammatory response than adenoviral vectors. Site specific 

integration on chromosome 19q13.3 has proven safe in tissue culture experiments (48), 

which provides a great advantage over the interruption of genes caused by other 

vectors. Various ectopic sites of AAV infection are able to secrete biologically active 

AAT into serum (50). A recent phase II clinical trial using intramuscular injection of rAAV 

serotype 1 AAT vector in nine AATD individuals at doses of 6.0×1011, 1.9×1012, and 

6.0×1012 vector genomes/kg (n=3 subjects/dose) showed that resulting M-AAT serum 

levels were dose dependent, peaked at 30 days, and persisted for at least 90 days. No 

vector-related side effects were observed and none of the subjects developed 

antibodies to AAT (51). Although safety and feasibly were not an issue, the peak level of 

transgene product was around 40 to 100 fold less than the therapeutic level (51). 

SiRNA Gene Knockout 

Since mutated Z-AAT is translated from the mRNA of the gene, interruption of Z-

AAT mRNA is another strategy to ameliorate hepatocellular damage. Currently there 

are two approaches to interrupt the transcription of mutant Z-AAT mRNA. The first was 

developed by the Strayer group. They designed hammerhead ribozymes to cleave AAT 

mRNA at a specific site (52). The other approach is to use RNA interference (RNAi) to 

reduce the level of Z-AAT mRNA transcription (53). The earlier study showed that short 

hairpin RNA (shRNA) longer than 19 base pairs had liver-associated toxicity (54). The 

most recent study from the Flotte group has demonstrated a safer and more effective 

RNAi approach by utilizing micro RNA (miRNA) (55). 



 

20 

Stem Cells 

The development of stem cells has also shown some potential for treatment of 

AATD. Studies from the Song group have demonstrated that rAAV vector-mediated BM 

cell-based liver gene therapy is feasible for the treatment of AAT deficiency (56). 

Hepatocyte transplantation studies have shown that 20% - 98% of mutant hepatocytes 

could be replaced by wild-type donor cells (57). Human-induced pluripotent stem cells 

(hIPSCs) present a great opportunity in cell-based therapy for human disease. Dermal 

fibroblasts have been isolated from patients with AATD and used to generate patient-

specific hIPSC lines. Hepatocytes derived from these hIPSCs showed the key 

pathological features of AATD (58). Based on these studies, the next step would be to 

collect hIPSCs from the patient and replace the mutant cells to cure the disease. 

Small Molecules 

This strategy is based on the mechanisms of Z-AAT polymerization and 

accumulation. One treatment approach is to stimulate autophagy, which is shown to be 

associated with Z-AAT clearance. Such treatments include rapamycin (59) and 

carbamazepine (60). Another approach is attenuating or blocking Z-AAT polymer 

formation. Molecules from previous generations, such as 4-phenylbutyrate and glycerol, 

have shown to be effective in vitro but not in animal models (12, 61). The new version of 

such molecules were designed in silico, and can target the cavity of the Z-AAT protein 

mutation site (62); it has been shown to be effective in terminating polymerization in 

vitro and in ex vivo (62). 

Gene Correction by ZFN and TALEN 

The ability to manipulate genotype has been pursued by geneticists even before 

the discovery of DNA structure. The traditional way of making gene-specific 
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manipulations are targeted gene knock-outs or knock-ins. Theoretically, it is simple 

enough, but the actual practice is very challenging. The native homologous 

recombination frequency in the targeting organism can be as low as 1 X 10-7; such a 

rare event needs large amount of selection help even with the assistance of an 

antibiotic marker. Although the availability of using embryonic stem (ES) cells to 

produce transgenic mice has accelerated the process of genome mutation in animal 

models, the process itself still carries very high uncertainty and long development time 

(63, 64). 

With developments in nucleus biology, studies show that double strand break 

(DSB) will dramatically increase the recombination frequency (65). Further studies show 

that DSB is lethal to the cells (66). Two natural DSB repair mechanisms have been 

discovered: homologous repair (HR) and nonhomologous end joining (NHEJ) (67). The 

first attempt to use DSB repair as a tool to modify a genomic target used a homing 

endonuclease, I-Sce I, which recognizes and cuts 18 bp (68). However, its applications 

were limited because the reorganization sequence needs to be inserted before it can 

conduct high-efficiency recombination (64). 

In recent years, development of zinc-finger nuclease (ZFN) has allowed us to 

effectively modify a target sequence within the genome. The development of ZFN was 

inspired by the natural type II endonucleases, which have separate binding and 

cleavage domains (69). ZFN was engineered to mimic this characteristic by adopting 

zinc-finger as the DNA binding domain and truncated Fok I endonuclease as the 

cleavage domain. Each zinc finger can bind approximately 3 bp of DNA (70) and the 

Fok I cleavage domain needs dimerization to be functional (71). These two properties 



 

22 

ensure the wide application of ZFN because with the zinc finger library, recognition sites 

won’t be limited and the dimerization of Fok I needs two different ZFNs to be functional, 

thus extending the specificity of the target site (64). 

Successful ZFN-induced gene targeting has been reported in the fruit fly (72), 

zebra fish (73), rat (74), mouse (75-77), A. thaliana (78), and various different human 

cell lines (79-82). The frequency varies among different target organisms, but an 

average of 10% yield without antibiotic selection is very common (64). Due to the rapid 

development of ZFN, two clinical trials have been conducted, including treatment for 

glioblastoma (83) and HIV (82, 84). In the first case, ZFN was used to knock-out the 

glucocorticoid receptor gene as part of the T-cell based immunotherapy. In the HIV 

study, ZFN was used to interrupt the CCR5 gene, which is an important receptor for HIV 

infection. In the mouse model, when T-cells have a knock-out of this receptor, there is 

more than a seven-fold reduction in viral load and five-fold increase in CD4 counts (84, 

85). 

Although the ZFN has a great impact in the field of genome modification, safety 

concerns have been raised regarding clinical studies, especially the risks of off-target 

effects. Basic studies found that ZFN binding to triplets are not specific and the 

combination of different modules may induce preference of each ZFN (64). To 

ameliorate this situation, several methods have been tested: a separate two-finger 

module with a short linker which increased specificity (86); and a bioinformatics 

approach using ultra-deep next-generation sequencing to identify off-target sites (82). 

Another DNA-binding module, transcription activation-like (TAL) domain, was 

recently identified in Xanthomonas plant pathogens (87). The TAL effector is composed 
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of repeated modules for DNA recognition. Each repeated module consists of 33-35 

amino acids, which can specifically recognize one nucleotide base. Similar to ZFNs, 

TAL endonuclease (TALEN) is composed of a TAL recognition site and a Fok I 

cleavage site. The advantage of TALEN over ZFN is the DNA binding mechanisms are 

more straightforward and it can bind to a larger sequence (18bp instead of 9bp) on each 

site. These characteristics give TALEN a higher specificity to the target sequence and 

make design much simpler. (88, 89) However, TALEN has its own limitations. First, due 

to its unique 34 amino acid repeat domain, TALENs are 3 to 4 times larger than ZFNs, 

which may cause problems for some delivery methods, such as AAV (88). Second, 

TALEN has only come emerged recently and there are still a lot unknown facts about 

this technology (89). 

Single Chain Variable Fragment (scFv) Antibody and Its Application 

Basic Structure of Immunoglobulins 

There are five isotypes of antibody produced in vertebrates: IgA, IgD, IgE, IgG, 

and IgM. IgGs are the most abundant immunoglobulins in human blood and the most 

widely used in therapeutic and diagnostic applications (90). Any single IgG consists of 2 

identical heavy chains and 2 identical light chains, which are joined by a series of 

disulfide bonds. A light chain has a variable domain (VL) and a constant domain (CL), 

while a heavy chain has a variable domain (VH) and three constant domains (CH1, CH2 

and CH3). The variable region of the antibody determines the specificity, diversity, and 

affinity for binding to the epitope and the constant region determines the biological 

activity of the antibody, such as recognition and binding to T cells or B cells. The high 

diversity of the antibodies results from the recombination of variable (V), diversity (D), 

and junctional (J) gene segments in the variable region during the B cell maturation. 
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Introduction to ScFv 

Although production of antibodies using hybridoma technology is a critical 

breakthrough in life science, it requires considerable time, expense, and animals which 

limits its future usage (91). Also, the rodent-originated full-length monoclonal antibody 

(mAb) has induced unwanted rejection in the human immune system (92). Although 

early attempts of producing antibodies without an Fc region by proteolysis were 

successful (93), it still did not yield small enough antibody fragments for therapeutic use.  

From 1985 to 1988, the development of bacteria expression and gene library 

selection has given antibody development a great assist (91). To address the limitations 

of the mAb, recombinant single-chain variable fragment (scFv) has been developed. 

ScFv antibodies are only 26-28 kDa. They consist of one copy each of VH and VL 

fragments, which are joined by a flexible peptide linker (Gly4Ser3) (90). Because scFv 

lacks an Fc fragment, scFv has low functional affinity and a short in vivo half-life. Such 

qualities as small size, low cost, and easy engineering make scFv a more attractive 

therapeutic candidate to a full-length mAb (94). 

Cloning of ScFv and Its Therapeutic Application 

Normally, scFv can be produced from two sources: hybridoma or a pooled gene 

library. Cloning from an existing hybridoma is a rapid and reliable method of 

transforming mAb into scFv. Generally, this method uses oligonucleotides that anneal to 

the constant regions of the hybridoma’s cDNA to amplify the VL and VH fragments and it 

is then inserted into an expression vector (95). The other method, producing scFv from 

a pooled gene library, is currently the most widely used technique. The screening 

processes are based on molecular display technologies, including phage-display (96), 

ribosome display (97, 98), and cell surface display (99). The basic idea is to express the 
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matured affinity portion of the scFv on these hosts and keep the genetic information 

within the host. Then the display library will go through several rounds of high-

throughput screening against the target antigen and select for the highest affinity scFv 

(100). Extensive review of the three screening methodologies shows that the in vitro 

ribosome display is the most powerful because it overcomes the cell-based limitations 

of library size and negative selection pressure (94). 

During the three decades of development, scFv has been used in various 

therapeutic and diagnostic applications. In cancer research, radiolabeled scFv has been 

largely used in tumor imaging and therapy. The advantages of scFv over traditional IgG 

antibodies are higher tumor penetration and rapid blood clearance properties, which 

result in faster tumor uptake and elimination (101, 102) and a better signal-to-noise ratio 

in tumor imaging (92). Another application is to use scFv as an immunotoxin. ScFv 

hybridized to the translocation domain and a tumor killing toxin bind to the specific 

tumor cell surface receptor, and then the translocation domain facilitates the delivery of 

the toxin into the tumor and inactivates the vital cellular processes (103). Several 

preclinical studies and clinical trials of immunotoxin are underway for evaluation for 

cancer therapies (104). 

Another application of scFv is intracellular expression of antibodies (intrabody), 

which can neutralize the target protein in different compartments, such as cytosol, 

nucleus, or ER (94). The potential to alter or inhibit the protein-protein interaction 

ensures scFv’s wide application in the area of neurodegenerative disorders caused by 

intracellular accumulation of misfolded proteins. These diseases include Huntington’s 

(105), Parkinson’s (106), and Alzheimer’s (107). Although these studies showed 
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promising results for reducing accumulation, methods of scFv delivery are still not very 

efficient (92). 
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CHAPTER 2 
ESTABLISHMENT OF ALPHA-1 ANTITRYPSIN DEFICIENCY DISEASE MODEL 

Introduction 

In the recent decade, studies have focused on the gain-of-toxic disease 

mechanism of AATD within hepatocytes. Understanding the pathology of liver disease 

in AATD patients has led us to organize a model of how cells respond to misfolded and 

aggregated proteins. These include the degradation pathway and signaling pathways. 

Especially, unfolded protein response (UPR), autophagy, and ER overloading response 

play important roles in maintaining homeostasis within AATD hepatocytes (108). 

In this chapter we will examine the cellular response mechanisms to alpha-1 

antitrypsin deficiency. To do so, we start by establishing a cell line from a patient with 

the PI ZZ genotype. Although many established transgenic Z-AAT producing non-

hepatocyte lines have been established (35, 39), we believe only hepatocytes with 

native Z-AAT expression can best reflect the actual situation in AATD patients. We also 

generated a second cell line from Chinese hamster ovary (CHO) cells, which stable 

expresses Z-AAT and tagged fusion proteins. With these tools, we were able to answer 

how UPR, autophagy, and ERO response behave in response to accumulation of Z-

AAT. 

Materials and Methods 

Establishing of AT01 (PI ZZ) and Hu339 (PI MM) Hepatocyte Lines 

Liver tissue was taken from a biopsy of a four month old PI ZZ infant. Standard 

cell isolation and culture was performed according to established protocol (109). In 

short, the tissue was immediately placed in ice-cold Ham’s F-12 medium; then 

hepatocytes were isolated in a two-step perfusion technique (110). After that, the cells 
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were dispersed with a blunt tool in ice-cold buffer to wash them. The cells were 

transferred to Ham’s F12 medium with 2% fetal bovine serum (FBS). Forty-eight hours 

after the cells attached to the plate, lentivirus containing human telomerase catalytic 

domain TERT was added to the cells for 12 hours in the presence of polybrene. The 

cells were continuously cultured in optimized culture medium. After two months, a cell 

line was established and referred to as AT01 or PI ZZ cells. The same procedure was 

taken to establish a PI MM cell line, referred to as Hu339. Both cell lines were cultured 

in DMEM with 10% fetal bovine serum (FBS) (Invitrogen), 50 µg/mL EGF, HGF, 

0.02ng/mL dexamethasone, and 1X insulin transferring selenium (GiBCO). 

Establishment of CHO-mRFP-Z-AAT Stable Expression Cell Line 

The RFP gene was cloned into the BamH1 site of human Z-AAT cDNA with the 

same orientation and correct reading frame. The fusion protein was then sub-cloned 

into the Hind III and Not I sites of a PCR3.1 eukaryote expression plasmid (Invitrogen) 

to generate a pCR3.1-RFP-Z-AAT plasmid. The CHO cells (ATCC) were transfected 

with the pCR3.1-RFP-Z-AAT plasmid using a calcium phosphate kit (Stretagene) 

according to instructions. Two days post-transfection, the G418 was added to a final 

concentration of 500 µg/mL. After culturing for 14 days, the RFP positive colony was 

transferred into individual wells of a 6-well plate (Nalgene) for future culturing. 

Primers and Antibodies 

Rabbit polyclonal antibodies against alpha-1 antitrypsin (AAT) were purchased 

from Dako (Carpinteria, CA). Antibodies to β-actin, CHOP, NFκB, eIF2α, and GAPDH 

were purchased from Abcam. Horseradish peroxidase (HRP)–conjugated anti-rabbit 

IgG (Thermo Scientific) was used as a secondary antibody. Primers and probes for 

ATF4 (Hs00909569), AAT (Hs00165475), BiP (Hs99999174), XBP1 unspliced 
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(Hs00231936), XBP1 spliced (Hs03929085), CHOP (Hs00358796), NFκB 

(Hs00765730), HSPA1A (Hs00359163), IRAK1 (Hs01018347), TGFb1 (Hs00998133), 

and VEGF (Hs00900055) expression assays were purchased from ABI. BiP expression 

plasmid was purchased from Origene, Rockville, MD. 

RNA Interference 

Specific interference of the human alpha-1 antitrypsin gene expression was 

conducted with 200 nM siRNA (Invitrogen) (5′-AAAGGCAGAGCCACACUUCCU-3′) or a 

negative control siRNA (Ambion) using lipofectamin RNAi MAX transfection reagent 

(Invitrogen) for 48 hours. Cells were washed with DPBS (Invitrogen), and then lysed 

with RTL buffer (Qiagen) or cell lysate buffer (reagent listed in the western blot 

procedure) for RNA extraction or western blot analysis. 

Western Blot Analysis 

Total protein was extracted from hepatocytes using cell lysis buffer containing 

5% SDS, 0.05M Tris-HCl (PH=6.8), 10% Glycerol, and protease inhibitor cocktail tablets 

(Roche). After centrifugation (14,000 rpm for 10 minutes), the supernatant was 

recovered for immunoblotting and stored at -80℃ until required.  The soluble part of 

AAT was extracted by previously established protocol (111).  Whole cell lysate was 

separated by pre-cast 4%-12% NuPAGE Bis-Tris gels and transferred to a PVDF 

membrane (Invitrogen). The membrane was blocked in 5% non-fat milk in DPBS 

overnight. Immunoreactive proteins were detected by incubating the membrane with the 

specific antibodies mentioned above. Membranes were exposed using the FluorChem E 

Western Blot Detection System and images were processed using the Alphaview 

software package. (Cell Bioscience) 
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Quantitative RT-PCR Assay 

RNA was isolated using the QIAGEN RNeasy mini Kit (Qiagen, Valencia, CA) by 

kit instructions. Total RNA was normalized and reverse transcribed into cDNA using a 

Universal Reverse Transcription Kit (ABI, Carlsbad, CA). Resulting cDNA was the 

template for quantitative real-time PCR. Specific primers and probes were premade and 

validated by ABI. Quantitative PCR was performed in 25 μL containing 400 ng template 

cDNA, 2× Universal qPCR Master Mix (ABI), and 1.25μL of premade primer-probe mix. 

Amplification was performed using the 7500 Fast Real-Time PCR System (ABI) with the 

expression of target genes relative to 18s rRNA. The results were processed using the 

2- Δ ΔCT method (112). 

 Fluorescent Immunostaining 

Samples were held at -20°C for 2 minutes, permeabilized for 10 minutes with 

0.25% Triton X-100, washed with 1% PBS for 5 minutes, blocked with 1% BSA for 30 

minutes, and then incubated with rabbit anti-human AAT or goat anti-human ER 

antibodies (1:100) (Dako) for 1 hour at 37°C. The solution was decanted and the cells 

washed with PBS 3 times for 5 minutes each, and then rehybridized with FITC- 

conjugated donkey anti-rabbit antibody or Dylight-594 donkey anti-goat (Jackson 

Immunoresearch), respectively, at a 1:200 dilution for 1 hour. Finally the cells were 

washed with PBS 3 times for 5 minutes each.  

Detection of Secretion of Alpha Fetal Protein (AFP) and Albumin 

Ten thousand cells were seeded into one well of 6-well-plate. Each cell line is 

triplicated. The cells were cultured in serum reduced medium (Invitrogen) for 24 hours, 

and then 20 µL of culture medium was collected and loaded on to a PAGE gel. After 

electrophoresis, the protein in the gel was transferred onto a PVDF membrane 
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(Invitrogen) and hybridized with mouse anti-human AFP antibody (Abgene) and rabbit 

anti-human albumin antibody (Sigma). The membranes were subsequently hybridized 

with HRP-conjugated secondary antibodies against rabbit (Chemicon International) or 

goat (Millipore), respectively. The western blot film was scanned the AFP and albumin 

bands were quantified using Quantity One software (Bio-Rad). 

Animal and Human Subjects  

PI*Z mice were maintained on a C57Bl/6J background and C57Bl/6J mice were 

used as controls as described previously (113-115). All experiments were approved by 

the Institutional Animal Care and Use Committee of University of Florida, and were 

conducted in accordance with the criteria outlined in the ‘Guide for Care and Use of 

Laboratory Animals’. A total of ten mice at the age of 3 months were chosen to sacrifice 

and their liver tissues were collected. For human studies, ten individuals gave written 

informed consent to take part in this study, approved by the Liver Tissue Procurement 

and Distribution System (LTPADS) of University of Minnesota. 

Statistical Analyses  

Quantitative PCR and western blot data were analyzed with the GraphPad Prism 

5.03 software package (GraphPad Software, San Diego, CA). Results were reported as 

mean ± SEM and compared by the Student’s t test. Significant difference was 

considered as p value < 0.05. 
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Results 

Validation of Established Cell Lines 

After establishment of the stable cell lines, we wanted to validate how well these 

cells represent clinical characteristics of AATD cells. Fresh-thawed AT01 and Hu339 

cells were cultured into T-75 flasks, which were pre-coated with 0.4mg/mL collagen I. 

After 24 hours, the morphologies of both cell lines were viewed with a phase contrast 

microscope (Figure 2-1A). To validate that both cell lines are hepatocytes, cells were 

lysed in 40% NP40 buffer with protease inhibitor and subjected to western blot. 

Albumin, alpha fetal protein (AFP), and alpha-1 antitrypsin (AAT) expression were 

detected in both cell lines, which are key identifiers of hepatocytes (Figure 2-1B). 

Immunostaining of AAT and ER marker PDI on AT01 cells shows very strong co-

localization (Figure 2-1C, arrow); however, there is minimum co-localization of AAT and 

ER resident proteins in Hu339 cells. To further confirm that the Z-AAT within the AT01 

cells forms characteristic polymers, cells were immunostained with ATZ11 monoclonal 

antibody from Dr. Janciauskiene’s lab, which only recognizes polymerized AAT (116) 

(Figure 2-1D).  

In order to show the location of M-AAT and Z-AAT within the cell and further 

demonstrate the mechanism of M-AAT gene therapy, we constructed plasmids that 

express Z-AAT fusion with luciferase, monomer red fluorescent protein (RFP) or Citron 

(a GFP derived monomer green fluorescent protein). Our previous study found that GFP 

fusion at the C-terminus of M-AAT will interfere with protein folding (unpublished data). 

We chose to insert tags between the signal peptide and functional coding sequence at 

the N-terminus (Figure 2-2A). By transfecting the plasmid constructs to CHO cells, we 

found that the secreted Metridia luciferase-tagged M-AAT levels are approximately 5 
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times higher than luciferase-tagged Z-AAT levels, which fits clinical data pattern (117) 

(Figure 2-2B). Also, Z-AAT fusion with mRFP or mCitron accumulates more than the M-

AAT fusion proteins within the cell (Figure 2-2C). The CHO-mRFP-Z-AAT cell line was 

validated the same way as AT01 and Hu339. Accumulation of mRFP-Z-AAT polymer 

was observed (Figure 2-2D). Cell lysate from CHO-mRFP-Z-AAT cells was subjected to 

non-denaturing gel electrophoresis and immunoblotting with a polyclonal anti-AAT 

antibody. Polymer formation was only observed in CHO-mRFP-Z-AAT cells. (Figure 2-

2E)  

AT01 Hepatocytes Have Higher Levels of UPR than Hu339 Hepatocytes 

Gene expression levels of unfolded protein response (UPR) genes are critical to 

reveal activation of this cellular response. Monocyte studies have shown evidence that 

individuals with the PI ZZ genotype have higher levels of UPR-related gene expression 

than those with the normal PI MM genotype (118). Here, we try to identify the parallel 

situation in hepatocytes. We explored UPR gene family regulation by looking at 

expression of activating transcription factor 4 (ATF4), binding immunoglobulin protein 

(BiP), CCAAT/-enhancer-binding protein homologous protein (CHOP), transcriptional 

factor nuclear factor κB (NF-κB), and the splicing of X-box binding protein 1 (XBP1) 

(Figure 2-3A). ATF4, BiP, and NF-κB expression was significantly higher in AT01 cells 

(n=3) than Hu339 cells (n=3) as measured by the quantitative PCR with p values of 

0.032, 0.018, and 0.002, respectively. The splicing of XBP1 was identified by the ratio of 

spliced XBP1 to unspliced XBP1 gene expression levels. The ratio was also increased 

in AT01 hepatocytes compared with Hu339 hepatocytes (n=3, p<0.0001). AAT gene 

expression levels had no significant difference between AT01 and Hu339 hepatocytes.  
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To validate the gene expression data, we used immunoblotting to identify the 

differences of the UPR protein synthesis levels between the two cell lines. BiP, CHOP, 

NF-κB, as well as the phosphorylation of eIF2α were examined (Figure 2-3B & C). 

Although the mRNA results showed that NF-κB and CHOP have no significant 

differences between the two cell lines, the quantitative protein level of NF-κB and CHOP 

showed 2.9- and 3.9-fold increases in the AT01 hepatocytes compared with Hu339 

hepatocytes (n=3, p=0.012 and 0.0002, respectively). The phosphorylated eIF2α level in 

AT01 cells increased by 2.8-fold compared to Hu339 cells (n=3, p=0.0016). BiP was 

also significantly increased, 4.2-fold, in AT01 cells compared to Hu339 cells. (n=3, 

p=0.0002). 

UPR And Cytokine Gene Expressions Decreased After AAT Knockdown In AT01 
Hepatocytes But Not In Hu339 Hepatocytes. 

To determine whether production of mutant Z-AAT will have an effect on the UPR 

pathway and cell growth factors, we knocked down expression of AAT in AT01 and 

Hu339 cell lines for 48 hours. While AAT expression from both AT01 and Hu339 cells 

was decreased to 30% and 49% after siRNA treatment compared to the scrambled 

siRNA control group (n=3, p=0.00001, 0.000001, respectively), only AT01 cells had a 

significant response to the knockdown treatment (Figure 2-4A) compared to the 

scramble control. The decreasing levels of gene expression in AT01 hepatocytes are 

demonstrated in Table 2-1. Interestingly, the knockdown of AAT in Hu339 cells (n=3) 

induced the expression of BiP by 74% (p=0.007), heat shock 70 kDa protein 1A 

(HSPA1A) by 39% (p=0.040), IRAK1 by 45% (p=0.0016), and TGFβ1 by 23% (p=0.043) 

(Figure 2-4B). Immunoblotting of anti-p-eIF2α and CHOP confirm that p-eIF2α and 

CHOP decreased after AAT knockdown in PI ZZ cells (Figure 2-4C). 
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Overexpression of Z-AAT Induced UPR in A Cargo-Amount Dependent Manner 

We next wanted to examine whether UPR will respond to Z-AAT induced ER 

stress by overexpressing Z-AAT in AT01 cells. To do this, we constructed three 

plasmids in which Z-AAT was under different promoter control. Forty-eight hours after 

transfection, intracellular AAT levels were measured by western blot. As Figure 2-5A 

shows, expression of AAT produced by the plasmids was highest in the chicken-beta 

actin promoter, followed by the thymidine kinase promoter, and cytomegalovirus (CMV)-

TK promoter. The plasmid with the CMV-TK promoter was used to overexpress Z-AAT 

in AT01 cells. The intracellular level of Z-AAT increased approximately 2-fold after 6 

hours, but decreased to baseline level at 24 hours. However, after 48 hours, the AAT 

level returned to a 2-fold increase over baseline (Figure 2-5B). At each time point, the 

UPR gene expression levels were determined (Figure 2-5C). CHOP was activated from 

12 to 24 hours post-transcription; Spliced XBP1 was activated at 6 hours and increased 

3-fold. PERK, IRE1α, and ATF6 genes were all activated at 12 hours. NF-κB activated 

48 hours post-transcription. ATF4 only activate at the 24-hour time point. The BiP 

expression had no significant change. The data suggests that the induction of UPR 

depends on the amount of Z-AAT cargo retained in the ER.  

Overexpression of BiP Increased the Soluble Part of Z-AAT In AT01 Cells. 

Endoplasmic reticulum (ER) chaperone protein glucose-regulated protein 78 

(GRP78/BiP) is a master regulator of ER homeostasis and stress response (119, 120). 

It is shown that over expression of BiP in the liver protected against ER stress-induced 

SREBP1c activation and hepatic steatosis in mice (121). We are curious to know 

whether BiP will be involved in the processing of Z-AAT in the cytoplasm of the cells. To 

answer this question, we examined the effect of overexpression of BiP in AT01 cells. 
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We found when BiP is overexpressed, the soluble part of Z-AAT increased 1.9-fold 

compared to the GFP-expressing control group (Figure 2-6). This data indicates that 

BiP facilitated the folding of Z-AAT within the PI ZZ hepatocytes. 

UPR Related Genes Have Higher Expression Levels In a PI ZZ Mouse and Human 
Than Normal PI MM Tissues. 

To further validate whether UPR is activated in PI*Z alpha-1 antitrypsin 

deficiency in vivo, we compared the levels of UPR related genes between M and Z mice 

and human liver tissues. In the mouse experiment, we found that in the PI*Z mouse 

(n=5 mice) ATF4 increased by 84.8% (p=0.0155), BiP increased by 126.4% (p=0.0286), 

CHOP increased by 130.1% (p=0.0286), and NF-κB activating protein (NFAP) 

increased by 83% (p=0.0243) (Figure 2-7A).  

To verify this data, we subjected the mouse liver samples to immunoblotting with 

anti-BiP, CHOP, p-eIF2α, and eIF2α antibodies (Figure 2-7B). The results showed that 

the BiP protein levels in the PI*Z mouse were 2-fold higher than in a normal mouse.  In 

the PI*Z mouse, CHOP increased by 4-fold compare to normal mice. Phosphorylation of 

eIF2α did not show a significant difference (n=5, p=0.18). 

The same comparisons were done with liver tissue from PI ZZ or PI MM individuals. The 

results showed only CHOP and p-eIF2α are significantly different between the two 

groups (both with p<0.00001, n=5) (figure 2-7C). 

NF-Κb Pathway Analysis between AT01 and Hu339 Cells 

To understand the how NF-κB pathway responds to Z-AAT accumulation, 

expression levels of 93 NF-κB-related genes were compared between AT01 and Hu339 

cells. The result of the analysis shows that among 93 genes, 21 were significantly 

down-regulated (p<0.05) and 10 genes were significantly up-regulated .The distribution 



 

37 

of genes is shown in Figure 2-8. Some of the NF-κB inhibitors genes are down 

regulated such as NFKB inhibitor interacting Ras-like 1 (NKIRAS1), TANK-binding 

kinase 1 (TBK1), NF-κB inhibitor alpha (NFKBIA), as well as some anti-inflammation 

cytokines, like chemokine C-C motif ligand 2 (CCL2) and interleukin 10 (IL10). Some 

upregulated genes are apoptosis inducers or inflammation inducers, such as interleukin 

12A (IL12A), Caspase recruitment domain family member 10 (CARD10), tumor necrosis 

factor 11 (TNFSF11), and tumor necrosis factor receptor 10a (TNFRSF10A). These 

results support the hypothesis that the pro-apoptotic direction of the NF-κB pathway is 

induced during Z-AAT accumulation (40). 

Discussion 

In this study, we compared the UPR-related gene expression and protein 

synthesis levels between Z and M samples in cell lines and in mouse and human liver 

tissue. We observed that the majority of UPR genes were significantly up-regulated in Z 

samples compared to M controls. By knocking down Z-AAT, the UPR activity was down-

regulated and overexpression of BiP increased the solubility of Z-AAT. Overexpression 

of Z-AAT induced UPR in a cargo-amount dependent manner. Data from the PI*Z 

mouse and human liver tissue is consistent with the hepatocyte experiment. This study 

demonstrated that UPR is activated in the liver cell line and in mouse and human liver 

tissue in AAT deficiency. Finally, we provided evidence to support that the NF-κB 

pathway plays a pro-apoptotic role during accumulation. 

Clinical data from PI ZZ individuals with alpha-1 antitrypsin deficiency shows that 

only 12-15% developed clinically significant liver disease during childhood (122). This 

indicates another “hit” maybe needed to cause the disease (123, 124). UPR has been 

shown to be critical for cell survival under protein misfolding and other conformational 
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diseases (125). Therefore, UPR could be part of the mechanism that maintains 

homeostasis until the “second hit” comes.  

A similar study was done on this in 2005, but their results were different, showing 

UPR is not activated (126). The major difference between the two studies is the cell 

system. Hidvegi et.al used Z-AAT-over expressed Tet-off HeLa cells instead of 

hepatocytes with native expression of both M and Z AAT. We thought this may explain 

the difference in findings on the activation of the UPR pathway. We also believe that 

overexpression of AAT in the cellular system may enhance the UPR, and thus cells 

choose some more efficient way to deal with this bulk stress, like an autophagy-

dependent manner (127). However, our result showed that Z-AAT is also precipitated 

with BiP, which is consistent with the finding that BiP is involved in recognizing and 

disposing mutant Z-AAT (126). 

The biological significance of the AAT knock down experiment could be in 

question because some gene expression levels only decreased by 20%. Our 

justification is that our treatment time is only 48 hours. During this short time, cells are 

not be able to dispose of all the accumulated Z-AAT in the system, thus the feedback 

signal transduction chain is maintained and can finish the job. The limitation of transient 

transfection of siRNA makes it harder to maintain the knock down for a long period of 

time. Therefore, establishing an AAT knockout cell line is a better way to show the 

differences during a longer period. 

We found no significant difference in BiP between tissue samples from M and Z 

individuals. By looking at patient records, we found that the samples from Z patients 

were taken from transplanted livers. These livers had severe fibrosis or other liver 
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diseases and we think they may have overshot “steady state” and UPR had already 

“given up”. The great difference of CHOP, which is an inducer of apoptosis, between the 

two groups gives support to this hypothesis. 

The finding that solubility of Z-AAT can be increased by overexpression of BiP 

may provide a new methodology to alleviate accumulation of Z-AAT within the cell. Also 

BiP, as a major regulator of UPR, may reinitiate the UPR after the “second hit” has 

occurred and help to reestablish homeostasis in the liver cells. In the future, gene 

therapy of several UPR related genes could be conducted to see whether one or more 

of them could reduce Z-AAT accumulation within the ER. 
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Table 2-1. UPR and cytokine-related gene expression levels after AAT are knocked 
down in AT01 cells. p value indicates the significance of each gene 
expression level between AT01 and Hu339 hepatocytes. 

 

 

Genes Decreased by % p value 
AAT 69 ± 8.7 < 0.0001 
ATF4 35 ± 7.4 0.0003 
BiP 30 ± 7.1 0.0007 
CHOP 40 ± 9.3 0.0008 
NF-κB 35 ± 8.4 0.0011 
XBP1(u) 26 ± 9.8 0.0187 
XBP1(s) 43 ± 7.4 < 0.0001 
Spliced XBP1 Ratio 17 ± 7.3 0.0295 
HSPA1A 38 ± 7.4 0.0065 
IRAK1 10 ± 3.8 0.0466 
TGFβ1 39 ± 3.3 0.0003 
VEGF 39 ± 7.0 0.0048 
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Figure 2-1. Validation of AT01 and Hu339 cells. A) AT01 and Hu339 cells under phase 
contrast microscope. Images were taken at 20X and 40X, respectively. B) 
Western blot of AT01 and Hu339 cell lysate. The cell lysate was 
immunoblotted with polyclonal anti-human AAT, anti-human albumin, anti-
human AFP and anti β-actin. C) Co-localization of AAT with ER resident 
proteins in AT01 cells and Hu339 cells. AAT was stained with a polyclonal 
anti- AAT antibody; ER was stained by anti-protein disulfide isomerase (PDI). 
The white arrows indicate where AAT co-localizes with ER. D) AT01 cells 
were stained by ATZ11 antibody, which only recognizes polymer Z-AAT 
(upper panel). Phase contrast image of AT01 cells is shown in the lower 
panel. 
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Figure 2-2. M or Z-AAT fusion proteins express properly within CHO cells. A) Schematic 
of the fusion protein constructs. B) Secreted luciferase fusion AAT protein 
levels from CHO cells. Cell culture media from cells transfected with 
luciferase-M-AAT or luciferase-Z-AAT plasmids were measured for luciferase 
activity at 480nm. C) Twenty four hours after transfection with 4 µg of mRFP-
ZAAT or GFP-ZAAT expressing plasmids in AT01 or Hu339 cells, live cell 
images were taken at 40X magnification, bar = 2µm. D) CHO cells with stable 
expression of mRFP-Z-AAT, bar = 20µm. E) Expression of mRFP-Z-AAT can 
form polymers. Cell lysate from 1. pCR3.1-mRFP-M-AAT transiently 
transfected CHO cells, 2. mRFP-Z-AAT stable expression CHO cells or 3. 
CHO cells before stable transfection were subjected to non-denaturing or 
SDS PAGE and immunoblotting with anti-AAT antibody.  
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Figure 2-3. AT01 hepatocytes have increased levels of UPR related genes compared to 
Hu339 hepatocytes. A) Real-time RT-PCR analysis of 6 UPR related genes 
normalized for 18s cDNA. AT01 cells and Hu339 cells from the same batch 
were recovered from the liquid nitrogen freezer. After 48 hours, RNA was 
isolated and reverse transcribed to cDNA and subject to quantitative PCR. 
Hu339 cells’ expression levels were arbitrary assigned as 100%. B) 
Representative immunoblot image showing UPR related downstream protein 
synthesis levels. Each group has 5 replicates in separate culture wells. β-
actin was used as loading control. C) Quantitative result of the western blot. 
Protein synthesis levels were normalized by β-actin, and protein level in 
Hu339 cells was assigned as 100%. n=3 experiments, *p<0.05, **p<0.01, 
***p<0.0001. 
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Figure 2-4. UPR and cytokine levels decreased after AAT knock down in AT01 cells, but 

not in Hu339 cells. Real-time quantitative PCR analysis of UPR related gene 
expression levels in A) AT01 or B) Hu339 cells. Expression levels were 
normalized by 18s cDNA. Cells were treated with 5nM siRNA to AAT or 
scramble control for 48 hours. Expression level of scramble siRNA control 
group was arbitrary assigned as 100%. n=3 experiments, *p<0.05, **P<0.01, 
***p<0.0001. C) Representative western blot of AT01 and Hu339 cell lysate 
showing CHOP and phosphorylated eIF2α protein levels before and after 
knock down of AAT gene. β-actin was used as loading control. 
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Figure 2-5. UPR gene response to Z-AAT transfection in AT01 cells. A) Intracellular Z-
AAT protein synthesis levels under chicken beta-actin (CB), thymidine kinase 
(TK) or cytomegalovirus (CMV)-TK hybrid promoter. B) Z-AAT synthesis in 
AT01 cells after transfection with CMV-TK contained Z-AAT expression 
plasmid in time course. Samples from different time points were subject to 4-
12% SDS-PAGE and immunoblotting with anti-human α1-antitrypsin antibody; 
beta actin served as a loading control. C) UPR and NF-κB pathway 
responses to overexpression of Z-AAT at different time points. CMV-TK-ZAAT 
plasmid was transiently transfected into AT01 cells. Genes involved in UPR or 
NF-κB pathways were monitored at different time points after transfection. 
Control groups were transfected with pEGM-T vector. n=3, mean ± S.E; *, 
p<0.05; **, p<0.01; ***, p<0.00001. 

 

 



 

46 

 

 

 

 

 

 

 

Figure 2-6. Soluble portion of AAT increased when BiP was overexpressed in AT01 
cells. AT01 cells were transfected with of plasmid expressing BiP gene in 
triplicate. Cells were scraped off in PBS buffer at 24 hours and subjected to 
ultra sonification. 200 ng of total protein was loaded in each well.  Relative 
quantity is shown above each well. β-actin was used as loading control. 
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Figure 2-7. UPR gene expression levels in Z-AAT mouse and human are higher than in 
normal controls. A) RT-PCR analysis of 4 UPR-related genes normalized for 
mouse GAPDH. Liver tissues were homogenized and subjected to RNA and 
protein extraction according to established procedure. RNA was purified and 
reverse transcribed to cDNA and subject to quantitative PCR.  Expression 
level of normal mouse group was arbitrary assigned as 100%. (n=5 mouse, 
*p<0.05) B) Liver tissue from PI*Z or normal B6 mice were homogenized and 
subjected to western blot against BiP, CHOP, and phosphorylated eIF2α. 
Each group was presented in 5 replicates. β-actin was used as loading 
control. C) Liver biopsies from PI MM and PI ZZ human individuals (5 each) 
were homogenized and subjected to total protein extraction. Each well was 
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loaded with 200ng total protein and blotted with BiP, CHOP and 
phosphorylated eIF2 α. GAPDH was used as loading control.  
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Figure 2-8. Volcano plot of the NF-κB pathway gene expression levels between Z and 
M. Each dot represents one gene. Red dots indicate the gene is significantly 
up-regulated. Green dots represent genes that are significantly down-
regulated. The threshold of significance is p<0.05 and a fold change higher 
than 1.5. 
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CHAPTER 3 
SINGLE CHAIN ANTIBODY VARIABLE FRAGMENT THERAPY FOR ALPHA ONE 

ANTITRYPSIN DEFICIENCY 

Introduction 

In this chapter we will use Single Chain Antibody Fragment Variable (scFv) as a 

tool to facilitate the degradation of accumulated Z-AAT. In the previous chapter, we 

have shown that UPR is activated during the accumulation of Z-AAT. From the literature 

we know that ERAD is an important UPR downstream degradation system to ameliorate 

the ER stress (25). We believe if we accelerate the degradation rate of newly produced 

Z-AAT, the ER stress can be future reduced. The work done by Lomas D.A. group gives 

us a great idea of how to proceed in this approach (128). They design small peptide 

(129) or small molecule ligand (130) to seal the cavity on surface of the mutant Z-AAT, 

by which the polymerization will be terminated. Their experiment showed very promising 

results from the in vitro experiments; however, they failed at ex vivo level due to the fact 

that the small peptide or molecule is not stable or hard to deliver to ER compartment. 

The limitation from the studies above put a challenge on how to efficiently deliver such 

polymer-inhibitor into the ER compartment. 

To fulfill this goal, antibody or scFv became our best candidate for this mission. It 

has several advantages over the approaches that mentioned above. First, it is much 

more stable than small molecules or peptides within the ER (131). Second, the delivery 

to the ER will be more efficient. Since the antibody can be synthesized within the cell by 

gene delivery, and the translation and assembly take place within the ER compartment, 

this gives a natural environment for antibody to recognize and bind to Z-AAT. 

In this chapter we will introduce the process of generation and characterization of 

the scFv and focus on how to use scFv to facilitate the degradation of Z-AAT polymer 



 

51 

within the ER. CHO with mRFP-Z-AAT stable expression was used as the cell model to 

demonstrate the effect of scFv. 

Materials and Methods 

Cell Lines and Transfections  

The CHO cell line (Invitrogen, Carlsbad, CA) with stable mRFP-Z-AAT 

expression were generated by standard protocols. CHO stable-expression cells were 

cultured in DMEM F-12 media supplemented with 10% fetal bovine serum, 100 units/mL 

penicillin, and 100 mg/mL streptomycin. Cells were incubated at 37°C with 5% CO2 and 

maintained with 500 µg/mL Geneticin (all cell culture reagents from Invitrogen). HEK 

293 cells were maintained in the same medium but without Geneticin. Twenty-four 

hours before transfection, 1 X 105 CHO-mRFP-Z-AAT or HEK 293 cells were seeded in 

each well of a 6-well plate without Geneticin. The PI ZZ hepatocyte line was created 

from a liver biopsy from a four month old PI ZZ infant according to the established 

protocol (109). Lentivirus containing human telomerase catalytic domain TERT was 

used to immortalize the cell. The plasmids were premixed in 500 µL Opti-MEM and 

transfected with Lipofectamin LTX (Invitrogen, Carlsbad, CA) according to 

manufacturer’s instructions. Transfection in the PI ZZ and Huh-7 cell line was done in a 

similar fashion with GenJet™ In Vitro DNA Transfection Reagent (SignaGen Lab 

Gaithersburg, MD) and culture media was changed 6 hours after transfection. 

 

Cloning of Anti-AAT ScFv 

The hybridoma secreting anti-human AAT antibody was generated in the 

Hybridoma Core Facility at the Interdisciplinary Center for Biotechnology Research 

(ICBR) at the University of Florida. The process was handled under the established 
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method (132) and approved by the University of Florida Institutional Animal Care and 

Use Committee (UF IACUC protocol #201202356). Positive colonies were screened by 

ELISA using plates coated with M or Z-AAT. Total RNA from clone 3H12-2C2 was 

isolated with the RNeasy kit (Qiagen, Valencia, CA). The RNA was reverse transcribed 

into cDNA using the Universal Reverse Transcription Kit (Applied Biosystems, Carlsbad, 

CA) with random hexamers as primers to synthesize first strand cDNA. The first strand 

was then poly-G tailed by incubation with 1 unit of terminal transferase and 100 µM 

dGTP (both from New England Biolabs, Ipswich, MA) for 30 minutes. The tailed cDNA 

was amplified by PCR using an anchor poly-C primer and another primer to anneal to 

the constant region of either the heavy chain (VH) or light chain (VL) (95). The first round 

PCR reaction was carried out with 35 cycles at 96°C for 30s, 52°C for 30s, and 72°C for 

45s. The amplicons of VH and VL were digested by Xba I and Hind III and inserted into 

pEGM-Easy vector, (Promega, Madison, WI) respectively for sequencing. To create a 

single chain construct, VH and VL were amplified with nest primers, which contain an 

intervening (G4S)3 peptide DNA linker, and assembled in VH-VL fashion. The final PCR 

product was inserted into the Hind III and Not I site of the pSecTag2-His plasmid 

(Invitrogen, Carlsbad, CA) to create pSecTag2-ScFv plasmid for protein expression and 

purification.  

Construction of ScFv Fusion Protein Vectors 

To express in the mammalian cell lines, the scFv fragment was digested with 

Hind III and Not I and inserted into pCR3.1 (Invitrogen, Carlsbad, CA). The AAT signal 

peptide was inserted at the 5’ end of the scFv. KDEL ER-targeting sequence, Hsp 70 

binding motif (VKKDQ/KFERQ), and FK506-binding protein fragment 12 (FKBP12) (107 

amino acid) were inserted at the 3’ end of the scFv between the Not I and Apa I site. 
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Myc sequence was added at the 3’ end of each tag. FKBP12 was digested from 

pCR3.1-FKBP-myc (plasmid 20211, Addgene, Cambridge MA). KDEL-ER targeting 

sequence and Hsp70 binding motif were synthesized by annealing two oligonucleotides. 

The list of oligo primers above is in Table 3-2. 

ScFv Anti-AAT Binding Activity Assay 

Plasmid pSecTag2-scFv was transfected into HEK 293 cells and incubated for 48 

hours at 37°C. Supernatant was collected, purified with MagneHis purification system 

(Promega, Madison, WI) and subjected to an ELISA-based assay. Microtiter plates 

(Corning Life Science, Tewksbury MA) were coated overnight with 1μg of M or Z AAT 

per well. Plates were washed, followed by the addition of a dilution series of purified 

scFv or positive control polyclonal anti-AAT antibody (1:5000, Dako). Rabbit anti-His 

antibody labeled with horseradish peroxidase (HRP) (1: 1000, Roche) was used as 

secondary antibody for the supernatant and goat anti-rabbit (1:1500, Jackson 

laboratories, Bar Harbor, ME) antibody was used as secondary antibody for positive 

control. Plates were developed using 3,3’,5,5’-Tetramethyl bezidine and phosphate 

citrate buffer (Sigma-Aldrich, St. Louis, MO) and analyzed at an absorbance of 450nm 

using Molecular Device model M3 microplate reader (Molecular Device, Sunnyvale, 

CA).  

AAT Activity Assay  

Pure AAT at 125 nM was diluted with varying amounts of antibody to test for 

neutralizing effects and then AAT activity was measured by anti-neutrophil elastase 

capacity assay. Samples were incubated with neutrophil elastase (Athens Research 

and Technology) for 5 minutes at 37°C and then combined with n-methoxysuccinyl-Ala-
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Ala-Pro-Val-p-nitroanilide chromogenic substrate (Sigma, St Louis, MO) for a kinetic 

reading at 405 nm. 

NF-κB Activity Assay 

Cells in each well of a 6-well plate were transfected with 2µg of p NF-κB-MetLuc 

plasmid (Clontech, Mountain View, CA), 8 µL Lipofectamin LTX reagent (Invitrogen), 

and 2 µL of Plus reagent. Twenty-four hours after transfection, 50 µL of cell culture 

medium from each well was tested with the Ready-to-Glow secreted luciferase assay 

according to manufacturer’s instructions. 

Immunoblotting for Non-denaturing Gels 

Forty-eight hours after transfection, cells were scraped from the surface of 6-well 

plates in DPBS (Invitrogen, Carlsbad, CA) with protease inhibitor (Roche, Pleasanton, 

CA). The lysate was vortexed for 5 min and centrifuged at 14,000 x g for 10 min. Total 

protein in the supernatant was normalized by BCA assay (Thermo Scientific, Rockford, 

IL) and subjected to non-denaturing gel electrophoresis. Then the gel was transferred to 

PVDF membrane with iBlot (Invitrogen) and blotted with polyclonal anti-AAT antibody 

(1:5000) (Dako, Carpinteria, CA). 

Immunofluorescent Microscopy 

Cells were transferred from 6-well plates (Nunc, Rochester, NY) to culture slides 

(Millipore, Billerica, MA) 6 hours post transfection. After 48 hours, cells were washed 

twice with DPBS (Invitrogen), fixed with 4% paraformaldehyde for 30 min and 

permeabilized with 0.5% Triton X-100 for 10 min. After blocking in 10% donkey serum 

for 10 min, cells were incubated with rabbit anti-myc (1:1000) (# ab9160, Abcam, 

Cambridge, MA) in 3% donkey serum, followed by 5 min in a DPBS wash 3 times. 

Secondary donkey anti-rabbit antibody labeled with Alexa 488 (Jackson Immunolab, 
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West Grove, PA) was used at 1:250 in 1.5% donkey serum and incubated with samples 

for 1 hour. Golgi apparatus was labeled with GFP-N-acetylgalactosaminyl transferase 2 

and ER was labeled with GFP-KDEL, which were both delivered by Cell Light 

baculovirus (Invitrogen). Thirty-six hours after transfection, 10 µl of cell light reagent was 

added to 500 µl of cell culture medium and incubated with CHO cells overnight before 

taking live cell images. Image J was used to quantify the fluorescent intensity within 

each cell. 

Immunoprecipitation 

CHO cells were lysed in NP40 buffer 48 hours after transfection. Then samples 

were centrifuged at 14,000 x g for 10 min. The supernatants were incubated with 

Dynabeads (Invitrogen) conjugated with a mouse monoclonal anti-myc antibody. 

Followed by 3 washes, the samples were eluted in elution buffer and run on a 4-12% 

Bis-Tris gel (Invitrogen) for Western blotting and detected by the polyclonal anti-AAT 

antibody (1:3000, Dako) and HRP-conjugated secondary goat anti-rabbit antibody 

(Chemicon International, Billerica, MA). 

Cell Proliferation Estimated by MTT Assay 

Six hours after transfection, 3000 cells were seeded into each well of 96-well-

plate. The MTT assay was done at 0, 24, 48, 72, and 96 hours after seeding the cells by 

using Cell Titer 96 MTT assay kit (Promega) according to the manual. 

Electron Microscopy 

Cells were trypsinized and resuspended in Tyrode’s buffer (Sigma-Aldrich).Then 

the cells were fixed with 2% glutaraldehyde, dehydrated, and embedded in Epon in 

preparation for electron microscopy. Ultrathin sections were counter stained with uranyl 
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acetate followed by lead citrate and examined by Hitachi 7100 Transmission electron 

microscope. Images were captured at 8000X magnification. 

Statistical analyses 

Quantitative PCR and western blot data were analyzed with GraphPad Prism 

5.03 software (GraphPad Software, San Diego, CA). Results were compiled as mean ± 

SEM and compared by Student’s t test. Significance was considered for p values < 

0.05. 

Results 

Cloning and Characterization of Anti-AAT ScFv 

To generate a high affinity scFv against AAT, we first screened the hybridoma 

colonies which produce AAT antibodies. As Table 3-1 shows, multiple single colonies 

have strong affinity for both M and Z AAT. Clone 3H12-2C2 was chosen from various 

monoclonal hybridomas (Table 3-1) to generate the scFv because the antibody it 

produced has higher affinity for Z-AAT than for M-AAT.  Both VH and VL fragments are 

560bp and were amplified from the cDNA of the hybridoma; the deduced size for the 

scFv protein is 28 kDa. The amino-acid sequence of anti-AAT scFv without a leader 

sequence is shown in Figure 3-1A. To verify the affinity of the scFv to AAT, we 

characterized the anti-AAT scFv-His expressed in the HEK 293 cell. The 28 kDa band 

from both the cell culture media and cell lysate was detected on an SDS-PAGE gel with 

anti-His antibody (Figure 3-1B). Media from anti-AAT scFv-His plasmid transfected cells 

shows significantly higher signal compared to the negative control in ELISA with M or Z-

AAT coated plates (Figure 3-1C). We purified the anti-AAT scFv from culture media with 

a His purification system and detected a 28 kDa band with Coomassie staining (Figure 

3-1D). The purified anti-AAT-scFv-His detected AAT by western blot (Figure 3-1E) and 
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immunofluorescent staining when used as the primary antibody (Figure 3-1F). 

Collectively, these data demonstrate that the anti-AAT scFv retains the parental 

monoclonal antibody (mAb) binding affinity to AAT.  

Purified Anti-AAT Scfv Inhibits Z-AAT Polymer Formation in vitro 

After determining the scFv has affinity to AAT, we tested whether the scFv can 

function as an inhibitor of Z-AAT polymer formation. Since Z-AAT can form polymers at 

37°C (133), we incubated 0.1mM Z-AAT with different amounts of purified anti-AAT 

scFv at 37°C overnight and subjected it to non-denaturing PAGE followed by 

immunoblot with anti-AAT polyclonal antibody. Polymerized Z-AAT diminishes with 

increasing amounts of scFv, as shown in Figure 3-2A. In addition, the portion of Z-AAT 

monomer or dimer significantly increases as scFv concentration increases. This data 

demonstrates that anti-AAT scFv inhibits Z-AAT polymer formation in vitro. 

Scfv-FKBP12 Increases Degradation of Z-AAT in Cell Culture  

Next, we questioned whether the scFv performs the same inhibition of polymer 

formation in a Z-AAT expressing cell line. We first established a stable CHO cell line 

expressing mRFP-Z-AAT (Figure 3-2B). Polymerized mRFP-Z-AAT has been identified 

by non-denaturing PAGE (Figure 3-2C). Immunofluorescent microscopy revealed 

mRFP-Z-AAT colocalized with ER markers (Figure 3-2D).  Then scFv-His or pEGFP-C3 

control plasmids were transiently transfected into CHO-mRFP-Z-AAT and PI ZZ 

hepatocytes (134). However, no significant reduction of polymerization was observed 

(Figure 3-2E). To increase the chance of scFv binding to Z-AAT, we replaced the scFv 

Ig-κ1 leader sequence (METDTLLLWVLLLWVPGSTG) with the native AAT signal 

peptide sequence (MPSSVSWGILLLAGLCCLVPV) at the N-terminus of anti-AAT scFv. 

To increase the degradation efficiency, we directed the scFv complex to three specific 
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degradation pathways. Three vectors were constructed based on the scFv with native 

AAT signal peptide (Figure 3-3A). At the C-terminus of the scFv, one was fused with 

Hsc70 binding motif (Hsc70bm) to direct to the chaperone mediated autophagy pathway 

(135); a second was fused with wild-type FK506 binding protein 12 (FKBP12) to direct 

to the ubiquitin pathway (136); the third was fused with KDEL sequence (137) to retain 

the scFv in the ER to increase the chance of scFv binding to Z-AAT protein. 

Three scFv constructs were transfected into CHO-mRFP-Z-AAT cells and the 

fusion scFv bands were detected in cell lysates with correct size: scFv-KDEL and scFv-

HSP70bm both showed 28 kDa bands and scFv-FKBP12 showed a 35 kDa band 

(Figure 3-3B). In addition, the cell’s lysate in PBS was subjected to non-denaturing 

PAGE and detected with anti AAT primary antibody and anti-rabbit-HRP secondary 

antibody. As shown in Figure 3-3C, the scFv-FKBP12 transfected group has the most 

significant reduction of intracellular polymer and monomer AAT. To further confirm this, 

cells were transfected with scFv-FKBP12 and subjected to fluorescent microscopy. The 

cells from the scFv-FKBP12 treated group have reduced Z-AAT accumulation 

represented by total RFP fluorescent intensity (Figure 3-3D). The total intensity of 

mRFP-Z-AAT of the treatment group decreased 2-fold compared to the control group 

(Figure 3-3E). To verify that the reduction of Z-AAT aggregation is not caused by 

FKBP12 alone, we used FKBP12-myc transfected cells as an additional control. The 

AAT levels in the western blot show that only the scFv-FKBP12 group reduces the total 

intracellular accumulation of Z-AAT (Figure 3-3F). Since Banaszynski et. al. 

demonstrated that FKBP12 with F36V and L106P mutations will significantly increase 

the degradation efficiency in NIH3T3 cells (138), we compared the degradation 
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efficiency between wild-type and double-mutated scFv-FKBP12. As shown in Figure 3-

4, although both transfected constructs reduce Z-AAT accumulation levels, the mRFP-

Z-AAT accumulation levels between scFv-FKBP12-wt and scFv-FKBP12-2mu 

transfected groups shows no significant difference (t-test, p=0.28, n=6). These results 

demonstrate that scFv-FKBP12 with native AAT signal peptide significantly reduces the 

Z-AAT accumulation level within the ER. 

ScFv-FKBP12 Reduces Z-AAT Polymerization through Proteasome Degradation 
Pathway 

Since FKBP12 has been reported as a chaperone for amyloid precursor protein 

(139), we introduced FKBP12-myc construct as a negative control to eliminate the 

possibility that FKBP12 alone can facilitate degradation of Z-AAT. To prove scFv-

FKBP12 can bind to Z-AAT, anti-myc antibody was used to pull down scFv-FKBP12-Z-

AAT complex from the cell lysate and the result shows only scFv-FKBP12 can bind to Z-

AAT (Figure 3-5A). In addition, co-localization of mRFP-Z-AAT with scFv-FKBP12 but 

not FKBP12 was detected (Figure 3-5B). To further confirm that the proteasome 

pathway degrades the binding complexes, we used MG132, a proteasome inhibitor, to 

block the degradation chain of the complex. After treatment with MG132 for 2 hours, the 

scFv-FKBP12 transfected group shows the highest increasing of Z-AAT accumulation 

(Figure 3-5C). Further quantification of the fluorescent images (Figure 3-5D) shows the 

fluorescent density in the scFv-FKBP12 transfected group increased 2.1-fold after 

MG132 treatment (p=0.02, n=4). However, in FKBP12-myc control groups, the AAT 

accumulation level has no significant change after MG132 treatment (p=0.7183, n=4) 

and only a 1.3-fold increase was observed in the EGFP control group (p=0.03, n=4). To 

further confirm the previous report that inhibition of polymerization will not interfere with 
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the secretion pathway (130), co-localization of a Golgi apparatus marker and Z-AAT 

was performed. No co-localization was observed (Figure 3-5E). These data 

demonstrate that scFv-FKBP12 binds and directs the aggregated complex to 

proteasome pathway for degradation. 

Scfv-FKBP12 Reduces ER Stress Caused by Z-AAT Accumulation 

The direct effect of Z-AAT accumulation is ER stress, which may lead to 

mitochondria damage and ER dilation (140). To assess whether scFv-FKBP12 can 

restore the growth status of the cell, an MTT assay was performed. CHO-mRFP-Z-AAT 

cells transfected with scFv-FKBP12 grow significantly faster than both EGFP and 

FKBP12-myc control groups after 48 hours (p<0.01, FKBP12-myc and EGFP vs. scFv-

FKBP12, two-way ANOVA with Bonferroni post-test) (Figure 3-6A). The characteristic 

ER globules formed by Z-AAT accumulation were reduced (Figure 3-6B). To assess 

changes in the ER overloading pathway, NF-κB was used as a marker (37, 39, 141). 

CHO-mRFP-Z-AAT cells were co-transfected with pNF-κB-MetLuc and pCR3.1-scFv-

FKBP12 as treatments. The control group was co-transfected with pNF-κB-MetLuc and 

pEGFP or pCR3.1-FKBP12-myc. As shown in Figure 3-6C, the reporter activity, an 

indicator of transcription level of NF-κB, in normal CHO cells is only 59.3% ± 1.2% of 

that in CHO-mRFP-Z-AAT (p=.004, n=4). After transfection with scFv-FKBP12, the NF-

κB transcription level significantly decreased by 33.8% ± 9.1% compared to the EGFP 

control group in CHO-mRFP-Z-AAT cells (p=0.01, n=4). This data demonstrates that 

clearance of Z-AAT accumulation by scFv-FKBP12 reduces activation of the NF-κB 

pathway, or ER stress within the cell.  
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Scfv-FKBP12 does Not Interfere the Secretion and the Activity of M-AAT 

Initial studies showed that anti-AAT scFv can bind to both M and Z-AAT in 

ELISA. To assess whether scFv can interfere with normal M-AAT in the cells, scFv-

FKBP12 or pEGFP-C3 plasmids were transfected into Huh7 cells with normal M-AAT 

expression. Forty-eight hours after transfection, 82% ± 3% of the cells have positive 

EGFP expression (Figure 3-7A). Cell culture media was subjected to ELISA to measure 

the amount of M-AAT. As shown in Figure 3-7B, no significant difference in M-AAT 

production between scFv-FKBP12 and EGFP transfected groups was observed 

(p=0.18, n=3). To monitor the activity of secreted M-AAT, a neutrophil elastase inhibition 

assay was performed on cell culture media from the two groups, and showed no 

significant difference between them (p=0.17, n=4) (Figure 3-7C). To further confirm, we 

incubated either 600nM of purified scFv or 1X PBS with different amounts of M-AAT for 

30 minutes and performed a neutrophil elastase inhibition assay. The result from this 

experiment showed scFv did not affect M-AAT activity (Figure 3-7D) (two-way ANOVA 

with Bonferroni post-test, p=0.06, n=3). In addition, we incubated 125nM M-AAT with 

different amounts of purified scFv. Similarly, no significant effect of scFv on M-AAT 

activity was observed (Figure 6E) (One-way ANOVA, p=0.6023, n=3). 

Discussion 

Alpha-1 antitrypsin deficiency has been well recognized as a conformational 

disorder caused by aberrant β-strand inter-linkage (142). The mutant Z-AAT protein will 

form polymers and be retained within the ER of hepatocytes, which may lead to ER 

dysfunction and liver disease. However, clinical studies indicate that not all PI ZZ 

patients will develop severe liver diseases (22). It has been proposed that the 

equilibrium between polymer formation and degradation is the key reason for these 
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PIZZ individuals’ healthy status (142).  The well accepted “second hit” theory proposed 

that an insufficient degradation system would break this equilibrium and lead to 

significant disease (143). Therefore, the therapy development strategy should focus on 

how to restore this equilibrium. Previous studies using small peptides (129) or small 

molecule ligands (130) for the inhibition of Z-AAT polymerization, or gene delivery of 

shRNA (144) or miRNA (55) have shown promising results. In the present study, we 

designed an anti-AAT single chain variable fragment (scFv) derived from a monoclonal 

hybridoma as a tool to facilitate the degradation of accumulated Z-AAT. This approach 

has several advantages.  First, it is more stable than small molecules or peptides within 

the ER (131). Second, the delivery to the ER will be more efficient because the antibody 

can be synthesized within the cell by gene delivery, and the translation and assembly 

take place within the ER compartment, providing a natural environment for the antibody 

to recognize and bind to Z-AAT.  Third, compared to the approach of RNA regulation, 

scFv directly targets mutant Z-AAT proteins, which may have less off-target effects and 

higher efficiency of reducing the accumulation level of Z-AAT. 

ScFv has been used as a great tool in aggregation diseases such as 

Alzheimer’s, Huntington’s and Parkinson’s (145, 146). In these studies, KDEL or 

HSP70bm together with scFv can successfully direct mutant proteins to specific cellular 

compartments. However, the aggregated proteins in those diseases are located in the 

cytoplasm rather than within the ER. This might explain why the KDEL or HSP70bm 

tags didn’t function as well as they do in other diseases (145). This result may also 

suggest that among several degradation pathways, the proteasome pathway maybe the 

best option for targeted degradation of ER accumulated protein. 
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There are two rather curious aspects to our current data. First is that scFv can 

inhibit the formation of Z-AAT polymers in vitro, but failed to decrease intracellular 

accumulation by itself. This may suggest that inhibition of polymerization is not enough 

to increase Z-AAT degradation. Since we know that most unfolded Z-AAT will be 

recognized and degraded by the ERAD pathway (25),  the fast turnover of FKBP12 may 

provide a good means of enhancing the degradation of whole complex in the ERAD 

pathway. However, the detailed mechanisms of how the complex gets through the ER 

membrane are currently unclear. The other aspect is regarding the lack of effect of scFv 

on either the secretion or the activity of M-AAT. Since this scFv can bind both M and Z-

AAT, theoretically it will have the same effect on both. However, it has been reported 

that PI MM cells secrete most of the M-AAT in a very fast manner and very few proteins 

remain within the ER (147).  This may give fewer chances for scFv to bind M-AAT, and 

thus have a limited effect on the degradation level of M-AAT. On the issues of M-AAT 

activity, our explanation is that the binding epitope on AAT is not close to the reactive 

site, so the docking of neutrophil elastase will not be interrupted. To test this hypothesis, 

mapping of the binding epitope will be necessary in the future experiments.  

Nevertheless, this result opens the door of combining normal rAAV-M-AAT with scFv-

FKBP12 into a therapy that can both eliminate accumulated Z-AAT and also introduce 

sufficient M-AAT into circulation (148). 

Compared to inducing a generous degradation system like macroautophagy or 

ERAD, the scFv therapy has several advantages. First, the target of the scFv is very 

specific, so collateral damage to other functional proteins is minimized. Second, the 

artificial construct is upgradable. Since the functional groups of either scFv or FKBP12 
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are distinct, we can switch current scFv with a Z-AAT specific scFv, which may increase 

the efficiency and specificity of the treatment. 

Since the scFv-FKBP12 is expressed constitutively within the ER, further kinetic 

studies will be necessary to determine the optimal expression level to achieve the best 

efficiency without overwhelming the proteasome (149). Given that adeno-associated 

virus type 8 (AAV8) can achieve more than 80% gene delivery efficiency in the liver 

though portal vein injection (150), we will choose this gene delivery method as our first 

choice for our future in vivo experiments.  
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Table 3-1. Hybridoma screening results for positive affinity antibody to AAT. OD values 
represent the secreted mouse monoclonal antibody binding affinity to M or Z-
AAT. Highlighted clone is the one that has been used to create scFv. 

 

Assay Plate Well Sub Clone # ZZ OD MM OD Clone type 
C8 2E8 2.481 3.249 Single colony 
C9 2F2 2.576 3.339 Single colony  
E10 3F4 2.605 3.370 Single colony  
E11 3F7 2.691 3.394 Single colony  
E12 3F9 2.780 3.448 Single colony  
F7 4B8 2.497 3.189 Single colony  
F9 4B12 2.594 3.342 Single colony  
F11 4C4 2.467 3.331 Single colony  
G1 4C7 2.558 3.370 Single colony  
G6 4E7 2.584 3.279 Single colony  
H12 4D4 2.420 3.245 Multiple colony  
B4 1C12 2.363 4.000 Single colony  
B5 1D1 2.099 4.000 Single colony  
B12 2C2 3.362 2.267 Single colony  
C10 2F3 2.404 3.319 Single colony  
C12 2F8 2.479 3.383 Single colony  
E9 3E3 2.300 3.341 Single colony  
F8 4B10 2.140 3.420 Single colony  
B9 2A12 2.189 3.341 Single colony  
B11 2B10 2.156 3.340 Single colony  
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Table 3-2. Primers used to clone scFv and subsequent constructs. 
 

Pimers  Sequence (5'-3') 

Poly-C primer Forward  CGTCGATGAGCTCTAGAATTCGCATGTGCAAGTC
CGATGGTCCCCCCCCCCCCCC 

Constant Region 
Heavy Chain 

 CAGGTCACTGTCACTGGCTCAG 

Constant Region Light 
Chain 

 CTTCCACTTGACATTGATGTCTTTG 

VH nest primers F  GGTTGGTACCGTCGACATGGATGTGCAGCTTCA
GGAGTCG 

VH nest primers R  AATTGGTCTCCCTCCTCCGCTTCCTCCTCCTCCA
GGCTGCAGAGACAGTGAC 

VL nest primers F  AATTGGTCTCAGGAGGAGGAAGCGGAGGAGGA
GGAAGCGACATTGTGCTGACACAG 

VL nest primers R  TTAAGCGGCCGCTTTCCAGCTTGGTCCCCC 

AAT signal peptide F 
 CTAGCATGCCGTCTTCTGTCTCGTGGGGCATCCT

CCTGCTGGCAGGCCTGTGCTGCCTGGTCCCTGT
CTCCCTGGCTGAGGATCCGA 

AAT signal peptide R 
 AGCTTCGGATCCTCAGCCAGGGAGACAGGGACC

AGGCAGCACAGGCCTGCCAGCAGGAGGATGCC
CCACGAGACAGAAGACGGCATG 

KDEL ER-targeting 
sequence F 

 GGCCGCTAAGGACGAGCTGCATCATCATCATCA
TCATTGAGGGCC 

KDEL ER-targeting 
sequence R 

 CTCAATGATGATGATGATGATGCAGCTCGTCCTT
AGC 

Hsp 70 binding motif F 
 GGCCGCTGTTAAGAAGGATCAAGCTGGAGCCGC

TGCACCGAAGTTCGAACGTCAACATCATCATCAT
CATCATTGAG 

Hsp 70 binding motif R 
 AAAGGGCCCTCAATGATGATGATGATGATGTTGA

CGTTCGAACTTCGGTGCAGCGGCTCCAGCTTGA
TCCTTCTTAACAGCGGCCGCCCGTTTGATTTC-3’ 
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Figure 3-1. Expression and binding properties of anti-AAT scFv. A) Amino-acid 
sequence alignment of anti-AAT scFv. Non-AAT specific scFv sequence was 
used as comparison. B) HEK 293 cells were transiently transfected with anti-
AAT scFv. Conditioned media was subjected to Western blot analysis: 1. 
Uncultured DMEM with 10% FBS; 2. Conditioned media from HEK 293 cells 
transfected with scFv; 3. Purified scFv; 4. Cell lysate from HEK 293 cells 
transfected with pSecTag2-scFv.  Primary antibody: anti-His (1:1000); 
detecting antibody: anti-rabbit-HRP (1:2500). C) 20 µL of cell culture media 
from anti-AAT scFv transfected cells or original 3H12-2C2 hybridoma clone 
was tested by ELISA using an M or Z-AAT coated plate. Culture medium from 
non-transfected HEK 293 cells was used as a control. ***p<0.0001 versus 
control. D)Coomassie staining of 1. Uncultured medium with 10% FBS; 2. 
Culture medium from pSec-scFv transfected HEK 293 cells; 3. Elution after 
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6X His tag purification. Black arrow shows the purified scFv band. E) 0.1 ng of 
M or Z-AAT was subjected to SDS-PAGE, blotted with purified anti-AAT scFv 
(1:100) and detected with anti-His-HRP antibody. 0.1 ng of BSA was used as 
a negative control. F) CHO-mRFP-Z-AAT cells were fixed and stained with 
the anti-AAT scFv and anti-His-Alexa Fluor-488. Representative images show 
anti-AAT scFv can recognize mRFP-ZAAT. Control group is CHO cells 
transfected with mRFP plasmid and stained with scFv and anti-His-Alexa 
Fluor 488. Bar = 20 µm. 
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Figure 3-2. Anti-AAT scFv inhibits the polymerization of Z-AAT in vitro. A) Co-incubation 
of Z-AAT with anti-AAT scFv prevents Z-AAT polymerization. Purified scFv 
and 10 μL of 0.1 μg/μL Z-AAT (final concentration) were incubated at 37°C for 
48 hours, subjected to non-denaturing PAGE, and detected with the anti-AAT 
polyclonal antibody. B) Schematic of mRFP-ZAAT expression construct. 
mRFP was inserted between the signal peptide and the rest of the Z-AAT. C) 
Overexpressed mRFP-Z-AAT can polymerize. Cell lysate from 1. mRFP-M-
AAT transient transfected CHO cells, 2. mRFP-Z-AAT stable expression CHO 
cells or 3. CHO cells before stable transfection were subjected to non-
denaturing or SDS PAGE and immunoblot with anti-AAT antibody. D) ER 
marker colocalized with mRFP-ZAAT within the stable CHO cell line. ER 
resident protein, Protein Disulfide Isomerase (PDI) was used as an ER 
marker. CHO cells transiently transfected with mRFP-M-AAT were used as 
the control. E) Anti-AAT scFv does not have an effect on Z-AAT in cell 
culture. Anti-AAT scFv expressing plasmid was transfected into PI ZZ 
hepatocytes or mRFP-ZAAT stable expression CHO cells for 48 hours. +: 
transfected with scFv plasmid; –: transfected with EGFP plasmid as control. 
β-actin was used as loading control. 
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Figure 3-3. ScFv-FKBP12 increase degradation of Z-AAT. A) Three vectors expressing 
scFv fusion protein were constructed: one is fused with Hsp70 binding motif, 
the second is fused with wild type FK506 binding domain 12 (FKBP12), and 
the third is fused with KDEL sequence. All the vectors have an myc tag at the 
C-terminus. B) Western blot of NP40 lysate, detected with anti-myc primary 
antibody and anti-rabbit-HRP secondary antibody, showing expression of 
scFv fused with KDEL, Hsp70 binding motif and FKBP12. C) Non-denaturing 
gel of transfected CHO-mRFP-ZAAT cell lysate, detected with anti-AAT 
primary antibody and anti-rabbit-HRP secondary antibody showing the 
intracellular monomer and polymers of AAT. β-actin was used as loading 
control. The gel represents 3 independent experiments. D) CHO-mRFP-ZAAT 
cells were transfected with scFv-FKBP12 or GFP control plasmid. Forty-eight 
hours after transfection, images were taken at 40X. Bar = 20µm E) Ten cells 
were chosen in random view from each group and Image J was used to 
measure the total mRFP-ZAAT intensity of each cell. The graph shows mean 
± SEM of 3 independent experiments ***p<0.0001. F) Cells transfected with 
scfv-FKBP12, FKBP12-myc, or EGFP for 24 hours were lysed and subjected 
to SDS-PAGE; representative gel image shows the level of AAT after 
treatment. β-actin was used as loading control. 
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Figure 3-4. ScFv-FKBP12 double mutant does not increase the degradation efficiency. 
CHO-mRFP-Z-AAT was transfected with scFV-FKBP12 wild type or double 
mutation plasmid. FKPB-myc and EGFP were used as negative controls. 
Forty eight hours after transfection, cells were fixed, stained with DAPI, and 
subjected to fluorescent microscopy. Images were taken at 20X, bar= 20µm. 
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Figure 3-5. ScFv-FKBP12 directs Z-AAT into proteasome degradation. A) Western blot 
of an immunoprecipitation of cell lysate with c-myc antibody, detected with 
anti-AAT primary antibody and anti-rabbit-HRP secondary antibody, showing 
that scFv-Fkbp12 can bind to mRFP-ZAAT. B) CHO-mRFP-ZAAT cells were 
transfected with scFv-FKBP12, FKBP12-myc or EGFP expression plasmid for 
48 hours, fixed on slides and then stained with anti-myc as primary antibody 
and Alexa 488 conjugated donkey anti-rabbit secondary antibody. Images 
from red and green channels were taken at 40X, and then merged and 
deconvoluted to show the co-localization of the expressed proteins to Z-AAT. 
Bar = 20µm. C) Forty-eight hours post-transfection, CHO-mRFP cells were 
treated with 10 µM MG132 or DMSO for 2 hours, and images were taken from 
random fields at 40X. White arrows in the representative images indicate 
increased aggregated protein. Bar = 20µm. D) Quantification of fluorescent 
density (C). The graph shows mean ± SEM of 3 independent experiments. E) 
1µL of baculovirus expressing GFP-N-acetylgalactosaminyl transferase 2 
(Golgi marker) was added to the cell culture media following transfection with 
scFv-FKBP12. Twenty-four hours later, live cell images were taken at 20X. 
Bar = 20µm. 
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Figure 3-6. ScFv-FKBP12 reduces ER stress caused by Z-AAT accumulation. A) ScFv-
FKBP12, FKBP-myc, or EGFP plasmid was transfected into CHO-mRFP-
ZAAT cells. 4000 cells from the three transfected groups and normal CHO 
cells were seeded into 96-well plates. MTT assays were performed every 24 
hours for 4 days. The graph shows average ± SEM of 8 replicates. The value 
is expressed in absorption OD. **p<0.01, ***p<0.0001. B) After 48 hours, cells 
from the three transfected groups in (A) were fixed and processed for 
transmission electron microscopy. Images were taken at 8000X. Arrows point 
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to the Z-AAT accumulation globules. Bar = 1,000nm. C) Plasmid pMet-
NFkB-Luc was co-transfected with scFv-FKBP12, FKBP12-myc, or EGFP to 
CHO-mRFP-ZAAT cells. Normal CHO cells were also transfected with pMet-
NFKB-Luc as baseline control. Cell culture medium was taken 24 hours after 
transfection and monitored by employing the Ready-To-Glow Secreted NF-kB 
Luciferase Reporter Assay. The results were normalized to total protein 
measured by BCA assay. The histogram shows relative NFKB activity to 
normal CHO cells. RLU stands for relative light unit. *p<0.05 under two-tail 
student-t test. 
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Figure 3-7. ScFv-FKBP12 does not interrupt the secretion and activity of M-AAT. A) 
Representative images showing the efficiency of Huh-7 cells transfected with 
scFv-FKBP12 or GFP. After 48 hours, images were taken from the GFP 
group at 20X and transfection efficiency determined by calculating GFP 
positive cells/total cells (n=5). B) Cell culture medium from (A) was subjected 
to M-AAT ELISA. C) Cell culture medium from (A) was subjected to neutrophil 
elastase inhibition assay to determine the activity of secreted M-AAT. D) 10 
µL of purified scFv or PBS was incubated with 250nM, 200nM, 160nM, 
128nM, 102.4nM and 81.92nM of M-AAT (final concentration in 50 µL) for 1 
hour. Residual AAT activities were determined by neutrophil elastase 
inhibition assay. “-” shows expected values of residual AAT at each 
concentration. E) 600, 450, 300, 150 nM of purified scFv was incubated with 
125nM (final concentration) M-AAT for 1 hour, and residual AAT activity was 
measured as in (C). Broken line shows expected value of residual AAT at 
125nM. 
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CHAPTER 4 
AAV DELIVERED WILD TYPE ALPHA-1 ANTITRYPSIN REDUCES 

POLYMERIZATION OF ITS MUTANT (Z-AAT) BY ENHANCING Z-AAT SECRETION 
IN HEPATOCYTES: A NEW APPROACH FOR AAT DEFICIENCY TREATMENT. 

Introduction 

In this chapter we will examine the feasibility of using AAV-delivered wild type M-

AAT to reduce accumulation levels of Z-AAT within hepatocytes. As introduced in the 

previous chapter, the Z mutation of AAT leads to lung deficiency and liver dysfunction 

through different mechanisms (25). M-AAT gene therapy is a feasible approach to 

provide sufficient normal AAT to patients. The first literature of gene delivery can dated 

back to 20 years ago. In the 1990s, M-AAT was delivered by viral methods, such as 

adenovirus (151) and retrovirus (152); and non-viral methods, such as liposomes (153), 

naked DNA injections (154), and gene bombardment (155). In the recent decade, the 

development of the recombinant adeno-associate virus (AAV) has made gene delivery 

more efficient and reliable. Song et al., proved that sufficient and sustained expression 

of M-AAT can be achieved by injecting rAAV into mouse muscle (148). The established 

methods have been developed into phase I and phase II clinical trials (51, 156). 

The studies presented above focused on AAT gene therapy as a treatment for 

AAT deficiency related lung disease. However, recent clinical observations show that 

PI*MZ patients can develop liver disease (157). This leads us to ask whether M 

delivered to PI ZZ patients will interfere with the Z-AAT in their cells. To investigate this, 

we delivered M-AAT to PI ZZ hepatocytes or transgenic mice, and then we monitored 

the intracellular and extracellular levels of both M and Z-AAT and how the cells reacted 

to the treatment. 
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Materials and Methods 

Cell Lines Establishment, Culture and Genotyping 

Liver biopsies were obtained with informed consent from an infant with alpha-1 

antitrypsin deficiency suffering from severe cirrhosis to create the AT01 cell line, and 

from normal liver patients to create the Hu339 cell line.  The cells were immortalized 

with infection of an adenovirus expressing the telomerase inhibitor gene(109). The 

hepatoma cell line (Hu339) and PI ZZ alpha-1 antitrypsin deficient cell line (AT01) were 

cultured in DMEM with 10% fetal bovine serum (FBS) (Invitrogen), 50 μg/mL EGF, 50 

ng/mL HGF, 0.02 ng/mL dexamethasone (Invitrogen), and 1X insulin transferring 

selenium (GiBCO). 

Western Blot 

Cell lysate was collected and loaded on a PAGE gel. After electrophoresis, the 

protein was transferred to a PVDF membrane (Invitrogen) and hybridized with either a 

mouse anti–human AAT monoclonal antibody (Ab) (1:100) or anti-beta tubulin Ab 

(DAKO). The membranes were subsequently hybridized with an HRP-conjugated goat 

anti-mouse secondary antibody (1:5000) (BD). 

Polymer Z-AAT ELISA 

Plates were coated overnight at 4°C with polyclonal goat anti-human AAT 

(1:200).  The wells were washed with 0.05% PBS-Tween and blocked with 1% BSA for 

1 hour at room temperature.  The wells were then washed and samples added in 

triplicate and incubated for 2 hours at room temperature.  After incubation, the wells 

were washed and ATZ11, an antibody specific for polymerized Z-AAT, added (1:300); 

the plate was incubated for two hours at room temperature on a shaker.  The wells were 

washed and a peroxidase-conjugated rabbit anti-mouse IgG (1:1000) added and 
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incubated for two hours at room temperature.  Finally, the wells were washed and o-

phenylenediamine substrate added.  After 30 minutes, the reaction was stopped with 

2.5 M sulfuric acid and the absorbance read at 490 nm.   

Florescent Double Immunostaining and Polymer HRP Immunostaining 

The AT01 cells and Huh339 cells were treated with either AAV1-(pTR2)-CB-

MAAT (158) at MOI=1000 or a mock AAV1 virus treatment. After 120 hours, the 

samples were held at -20°C for 2 min, permeabilized with 0.25% Trition X-100 for 10 

minutes, washed with 1% PBS for 5 min, and then blocked with 1% BSA for 30 min. 

Next, cells were incubated with rabbit anti-human AAT or goat anti-human ER 

antibodies (1:100) (Dako) for 1 hour at 37°C followed by hybridization with FITC-

conjugated donkey anti-rabbit antibody or Dylight 594 donkey anti-goat antibody 

respectively (Jackson Immunoresearch) (1:200) The image was taken on Leica 

fluorescent microscope at 485 nm. Immunohistochemistry staining for Z-AAT polymer 

was described previously (116, 159). 

Colocalization measured by Proximity Ligation Assay (PLA) 

All reagents used for PLA analysis were from Olink Bioscience (Uppsala, 

Sweden). The PLA reactions were performed following the manufacturer’s instructions 

using monoclonal mouse anti-FLAG (1:500, Abcam ab124462) and monoclonal rabbit 

anti-6XHis (1:400, Abcam ab9108). Briefly, each secondary antibody (PLA probe) has a 

unique short DNA strand. In conditions of close proximity, these probes can interact with 

circle-forming DNA oligonucleotides. After enzymatic ligation, the circular DNA is 

amplified via rolling circle replication by DNA polymerase. Using a fluorescent probe, 

the amplified products are visualized under a fluorescence microscope.        
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Pull down experiment 

Forty-eight hours after transfection with 6XHis-M-AAT plasmid, CHO-mRFP-ZAAT 

cells were lysed and processed with MagneHis purification kit (Promega). Then samples 

were subjected to SDS PAGE and immunoblot with polyclonal anti-AAT primary 

antibody and goat anti-rabbit secondary antibody. 

In vitro Polymerization Inhibition Experiment 

Purified M-AAT and Z-AAT were mixed at a 3:1 ratio (final concentration M : Z = 

0.3 mg/mL:0.1 mg/mL) and incubated at 45°C for 3 hours. Control groups of M-AAT or 

Z-AAT samples were incubated with albumin at the same conditions above (0.3 mg/mL 

M-AAT: 0.1 mg/mL albumin or 0.1 mg/mL Z-AAT: 0.3 mg/mL albumin).  After incubation, 

an equal volume of each sample was loaded in triplicate and resolved on a 7% 

NuPAGE Tris-Acetate gel (Invitrogen) for electrophoresis and immunoblotting using an 

anti-AAT antibody for protein detection. 

Liver Function Assays 

Both SGOT and SGPT assays were done using kits from BioVision Inc (SGOT: # 

K753-100, SGPT: #K752-100). The GGT assay kit is from Bio Scientific (Cat# 5601-01). 

All assays were done according to the manuals. 

Mice Experiment 

The PI*Z transgenic mice were randomly divided into 2 groups. The first group (n= 

5) was injected with rAAV8-CB-MAAT at E+11 particles via the portal vein, the second 

group (n = 6) was injected with rAAV8-CB-GFP (UF5) (United States Patent: 6,461,606) 

at E+11 particles via the portal vein.  

All surgeries followed the guidelines indicated for rodent surgery by the University 

of Florida Institutional Animal Care and Use Committee (UF IACUC). Aseptic 
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techniques and sterile instruments were used during all procedures. The abdominal fur 

of the animal was removed by depilatory cream and cleaned by scrubbing three times 

with betadine or chlorhexidine scrub, then washing with povidone solution. The animal 

was placed in supine position on an operating table, and the surgical site was covered 

with a sterile drape. All animals were anesthetized with 3% isofluorane and given a 2 

cm ventral midline abdominal incision into the peritoneal cavity, exposing the portal 

vein. Treatment of rAAV8-CB-MAAT or rAAV8-CB-GFP was administered into the portal 

vein using a 0.5 cc 30 G needle. Hemostasis was achieved with application of sterile 

cotton swag directly on to the portal vein. The abdomen was closed in two layers. The 

abdominal muscle layer was sewn using 5-0 vicryl and the skin layer was closed using 

5-0 prolene sutures. Surgeries were performed on a thermo-regulated operating board 

designed to maintain a temperature of 37°C and routinely took 10 minutes. The 

temperature of the mouse was monitored by an animal temperature controller unit 

(World Precision Instruments, ATC1000). Sutures were removed from the animal 10 

days post-op. 

Post-operation, the mice were placed in a temperature-controlled recovery room 

and monitored continuously until they regained the righting reflex and ability to 

ambulate. Surgeries were performed in the morning to allow sufficient time for 

monitoring during normal duty hours. The mice were then checked every hour for the 

first 4 hours until eating and drinking as usual. Buprenorphine was administered in a 

0.05-0.1 mg/kg SQ dose every 8-12 hours, with the first dose given right before surgery 

50 µL of blood was taken from each mouse every weekly after surgery and the serum 

was separated with a microtainer tube (BD) for measurement of MAAT and total AAT by 
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ELISA (160). All mice were sacrificed on the 12th week after surgery. The 4 lobes of the 

liver were taken and fixed with formalin for HE staining, ATZ11 Ab staining (116) (161) 

and total M-AAT staining (162). The liver was fixed with 4% paraformaldehyde for 

electron microscopy. About ¼ of the mouse liver was granulized by mortar and pestle at 

-80°C; the powder was dissolved with 500 µL PBS and the mixture sonicated for 5 times 

for 5 seconds each (Fisher Scientific model 150I). The samples were centrifuged at 

140,000 x g for 10 min; the soluble part was collected for measurement of total AAT and 

M-AAT by ELISA. The soluble lysate was diluted 400 fold. One µL of lysate was used 

for a GAPDH assay using the KDalert™ GAPDH Assay Kit (Ambion) according to the 

manual. The sera SGOT assay was measured by a SGOT kit (Biovision) according to 

the manual. The intracellular AAT DNA copy number was measured using QPCR 

methods (162). 

Results 

Intracellular Z-AAT Accumulation Level Decreased after Treated with rAAV1-M-
AAT 

We delivered M-AAT gene by a recombinant Adeno-Associated Virus vector 

(rAAV1-M-AAT) (158) into a PI ZZ human hepatocyte line (AT01). 48 hours later, 

samples from mock-treated AT01 and Hu339 cells, and AAV infected AT01 cells were 

fixed and subjected to immunostaining with polyclonal antibody against AAT. Compared 

to mock-treated AT01 cells, there was a marked decrease of Z-AAT retention in the 

intracellular compartment in the AAV-MAAT treated AT01 cells (Figure 4-1A, left 

column). This result was further confirmed by electron microscopy (EM). The 

morphological image shows the intracellular globules disappeared in the AAV1-M-AAT 

treatment group compared to the mock treatment group (Figure 4-1A, middle and right 
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columns). We also performed a western blot to monitor the intracellular level of AAT in 

Hu339, AT01, and AAV1-MAAT treated AT01 cells (Figure 4-1B). Quantification of the 

western blot shows the mean intracellular Z-AAT level reduced by 75% after rAAV1-M-

AAT treatment (p<0.01) (Figure 4-1C).   

In vivo Assessment of AAV-M-AAT Gene Delivery in PI*Z Mouse 

To assess whether M-AAT gene delivery will reduce the Z-AAT accumulation in 

vivo, we subsequently packed rAAV-M-AAT plasmid into serotype 8 and delivered the 

virus to PI*Z transgenic mice (163, 164) by portal vein injection.  One week after portal 

vein injection of AAV8-M-AAT, the delivery efficiency was determined by the copy 

number of AAT DNA. The results from the mouse liver showed cellular AAT DNA copy 

number increased an average of 2,026 fold compared to the GFP mock-treatment group 

(Figure 4-2A). Immunocytochemistry for Z-AAT specific staining demonstrated the 

marked abrogate Z-AAT polymer accumulation in the ER and extra-hepatocytic globules 

decreased significantly after treatment with rAAV8-M-AAT for 12 weeks (Figure 4-2B, 

left column). Similar to the cell line experiment, we confirmed this result by EM studies. 

The morphology EM images of the murine hepatocyte show that after rAAV-M-AAT 

treatment, globule-squeezed nuclei (Fig 4-2B, middle column) and swollen ERs (Fig 4-

2B, right column) disappeared. Since the ATZ11 immunostaining on the Pi*Z mice was 

not evenly distributed, to confirm and quantify the amelioration of cytosolic Z-AAT 

protein retention about 1/4 of the total liver of each mouse was granulized and the 

lysate was subjected to ELISA to measure total Z-AAT (polymer + monomer) levels. 

Both lysate and serum levels of Z-AAT polymers were measured by polymer-specific 

ELISA. The results were normalized with GAPDH activity from the lysates. As Figure 4-

2C shows, intracellular total Z-AAT levels in the rAAV8-M-AAT treated group decrease 
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to 33.5% compared to the PBS control group (p<0.0001, n=6) (Figure 4-2C). Also total 

polymer Z-AAT levels in the treatment group decreased by 70.8% compared to the 

control group (p<0.0001, n=6). However, the serum level of polymer Z-AAT didn’t 

changed significantly after 12 weeks (p=0.32, n=6) (Figure 4-2D). 

Z-AAT secretion level increased after treated with rAAV1-M-AAT in vivo 

To more specifically determine whether the intracellular Z-AAT protein is 

secreted from the mouse liver cells after rAAV8-M-AAT treatment, we measured the 

weekly change of AAT serum (including total AAT and M-AAT (Figure 4-3A) levels by 

ELISA. The Z-AAT level was calculated by subtracting the M-AAT level from the total 

AAT level. We found serum Z-AAT levels increased approximately 5-fold after rAAV8-

M-AAT treatment compared to the PBS control group (Fig 4-3B). By regression of M-

AAT level to Z-AAT level, we also found the secretion of Z-AAT is dosage dependent on 

M-AAT secretion (R2 =0.495, p=0.01) at a molecular ratio close to 1:1 (slope=0.86, 

p<0.01). These results demonstrate the expression M-AAT can increase the secretion 

of Z-AAT and thus reduce the accumulation level in vivo.  

Improved Liver Function after rAAV8-M-AAT Treatment 

To evaluate possible liver function improvement after M-AAT treatment, we 

measured the mouse sera SGOT (serum glutamic oxaloacetic transaminase), SGPT 

(serum glutamic pyruvic transaminase), and GGT (gamma-glutamyl transpeptidase) 

levels before and after rAAV8-M-AAT treatment. In the treatment group, the average 

SGOT level decreased from 30 U/L to 24U/L (p=0.04) (Fig 4-4A). The SOGT level 

returned to normal after treatment, according to the liver function board line level 

(21U/L<SGOT<28U/L) (165). The SGPT and GGT levels also decreased 12% (p=0.02) 

and 16% (p=0.05), respectively (Fig 4-4B, C). There are no significant SGOT, SGPT, or 
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GGT level changes in the AAV8-EGFP control group (data not shown). To evaluate 

whether the M-AAT treatment improves liver fibrosis, we did a hydroxyproline assay and 

measured the positive cells in tri-chromostaining of the mouse liver. No significant 

changes were observed after 12 weeks of rAAV8-M-AAT treatment. 

M-AAT Reduces Z-AAT Polymerization by Protein-Protein Interaction. 

Based on 1) our previous result that serum M-AAT to Z-AAT levels have a 1:1 

molecular ratio and 2) the fact that the beta strand of unfolded Z-AAT is unstable, we 

hypothesize that M and Z-AAT form a dimer, terminating the characteristic Z-AAT head-

to-tail chain polymerization (13).  To prove this hypothesis, we co-transfected FLAG 

tagged Z-AAT and 6XHis tagged M-AAT into CHO cells and measured the 

colocalization of two protein species. As Figure 4-5A shows, only colocalized FLAG-

MAAT and 6XHis-ZAAT show red fluorescence. Also the binding between M-AAT and 

Z-AAT reduces the polymerization of Z-AAT in vitro, as shown in Fig 4-5B. 

Quantification of the polymer bands shows the total polymer AAT level in the M-AAT + 

Z-AAT group reduced by 90% compared to the Z-AAT only group (Figure 4-5C). 

Discussion 

The data presented in this chapter proved AAV delivered M-AAT could reduce 

the accumulation of Z-AAT within the ER. The evidence from the transgenic PI*Z mouse 

demonstrates the secretion of Z-AAT is correlated with secretion of M-AAT in a 1:1 

ratio. Furthermore, we have shown that M and Z-AAT are co-localized within the cells. 

This discovery offers rAAV-M-AAT liver gene therapy three benefits. First, as it has 

been proved previously, it can increase the serum AAT to therapeutic levels (148). 

Therefore, the loss-of-function deficiency will be relieved with this treatment. Second, M-

AAT treatment can terminate the Z-AAT accumulation and prevent ER stress. This 
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effect will cure the gain-of-toxic liver disease caused by Z-AAT accumulation. Third, the 

increased level of Z-AAT in the serum is useful in neutralizing neutrophil elastase and 

decelerating the inflammatory destruction of COPD in PI ZZ patients, although the Z-

AAT monomer has half the activity of M-AAT.  

Our observation of the M and Z-AAT co-localization and pull down assay results 

suggests a mechanism for this phenomenon (Figure 4-6). However, we may not 

exclude the involvement of other mechanisms, such as ER stress response pathways 

(39), ER associated degradation (ERAD) (37, 166) by ubiquitination dependent or 

independent degradation, or proteasomal degradation (166, 167). Also, autophagy may 

be involved in degrading the mutant Z-AAT through piecemeal digestion of insoluble 

aggregates retained in the ER (35, 108) (168) (169). All these possible mechanisms 

need to be further addressed in future studies. 

Accumulation of Z-AAT polymers inside the ER is associated with activation of 

nuclear factor κB (NF-κB) or ER overloading response, which can cause cellular 

proliferation, apoptosis, and cell death. In clinical settings, it is related to neonatal 

hepatitis (170), cirrhosis (171), and hepatocellular carcinoma (172-174). The PiZ 

transgenic mouse was widely used as disease model for AAT deficiency studies. In this 

experiment, we have shown that rAAV-M-AAT treatment significantly decreases 

intracellular globules, the aggregation of Z-AAT polymers within the ER, and it 

decreases the SGOT, SGPT, and GGT levels. The periportal fibrosis was observed 

within first few months in this model (175). However, hepatic fibrosis is the result of the 

wound healing response of the liver to repeated injury, which has considered being a 

passive and irreversible process (176-178). We didn’t find significant reduction in the 
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levels of fibrosis after M-AAT treatment, this might due to low dosage or because the 

length of treatment too short to reverse liver fibrosis in PI*Z mice, therefore, long-term 

observation and dosage escalation need to be tested in the future. 

In addition to the potential for treatment of liver disease in the PI ZZ patient, the 

M-AAT may be a good helper in the treatment of other inclusion body diseases such as 

Huntington’s disease (179) and Parkinson’s disease (180, 181). 
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Figure 4-1. Intracellular Z-AAT decreased after treatment with rAAV1-M-AAT. A) 
Immortalized hepatocytes from a PiZZ patient (AT01 cells expressing Z-AAT 
only) were infected with M-AAT expressing vector (rAAV1-CB-M-AAT at 
MOI=1X106); non-infected AT01 and Hu339 cells (expressing M-AAT only) 
were used as controls. Twenty-four hours post-infection, cells were fixed and 
subjected to detection of cellular Z-AAT aggregation by 
immunohistochemistry (IHC) with polyclonal rabbit anti-AAT and donkey anti-
rabbit-FITC (Left), as well as by electron microscopy (EM) to show 
accumulated Z-AAT globules. B) Western blot for cellular total AAT. Cell 
lysate from Hu339, AT01, or rAAV1-MAAT infected AT01 cells was analyzed.  
Beta tubulin served as loading control. C) Comparison of groups based on 
Western blot quantification. Intracellular AAT from the AT01 control group 
was defined as 100%. (n=3 independent experiments; ***p<0.0001).  
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Figure 4-2. The beneficial effects of M-AAT gene therapy in Z-AAT transgenic mice. Z-
AAT Transgenic mice were treated with rAAV8- M-AAT (n=5) or rAAV8-GFP 
(n=6) by portal vein injection at a dosage of 1x1011 virus genome (VG). 
Animals were euthanized 12 weeks post-injection. A) Using Taqman® gene 
expression assay, AAT DNA copy number was determined from 1mg of 
mouse liver tissue. B) Fixed liver sections were subjected to Z-AAT specific 
immunohistochemistry (IHC) using mouse anti-polymer Z-AAT (ATZ11) (Left), 
and by electron microscopy (EM) to show the detailed intracellular 
morphology of mouse hepatocytes (Middle & Right). The thick black arrows 
show intracellular globules of Z-AAT; the white arrow shows a compressed 
nucleus; the thin black arrow shows a dilated rough ER. 
Immunohistochemistry (IHC) images were taken at 40X and EM images were 
taken at 8000X and 40,000X, respectively. C) Total human AAT and M-AAT 
were measured in mouse liver tissue by ELISA. Z-AAT was obtained by 
subtracting M-AAT from total AAT (n=6, *p<0.05). Polymer Z-AAT in liver 
tissue was measured by polymer Z-AAT specific antibody (ATZ11). The GFP 
control group was set as 100% (n=6, ***p<0.0001). The results were 
normalized with GAPDH activity in the lysate.  
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Figure 4-3. Serum AAT concentration after treated with rAAV8-M-AAT. Total serum 
human AAT and M-AAT (left panel) were measured by ELISA. Serum Z-AAT 
(middle panel) was obtained by subtracting M-AAT from total AAT (mean ± 
SEM; n=6). The co-relation between serum levels of M-AAT and Z-AAT is 
shown in the right panel: each point represents the weekly average serum M-
AAT and Z-AAT concentrations in M-AAT gene therapy treated group. 
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Figure 4-4. Improved liver function after rAAV8-M-AAT treatment. Mouse serum 
samples pre and post 12 weeks of treatment from the rAAV8-M-AAT group 
were collected and assayed for A) serum glutamic oxaloacetic transaminase 
(SGOT), B) serum glutamic pyruvic transaminase (SGPT) and C) gamma-
glutamyl transpeptidase (GGT). (Mean ± SEM, *p<0.05)   
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Figure 4-5. M-AAT interacts with Z-AAT. A) M-AAT reduces Z-AAT polymerization. 
Purified M-AAT (0.3 mg/ lane) and Z-AAT (0.1 mg/lane) were loaded. In M+Z 
samples, M-AAT (0.3 mg0 and Z-AAT (0.1 mg) were mixed in in a total 
volume of 50 μL PBS. Samples were incubated for 3 hours at 45°C and 
subjected to a denaturing gel (for total AAT) and a non-denaturing gel (for 
polymer AAT). B) Quantitative analysis of polymer AAT signal in gels of 
Figure 3A by densitometry. Total polymer signal in Z-AAT-only samples was 
set as 100% (***p<0.0001). C) Co-localization of M-AAT and Z- AAT in CHO 
cells. The 6-His tagged Z-AAT and FLAG tagged M-AAT (or FLAG tagged 
luciferase as a negative control) expression plasmids were co-transfected into 
CHO cells. The Duolink® kit was used to detect co-localization of M-AAT and 
Z-AAT. Only co-localized proteins can be detected by a red fluorophore probe 
(emission at 624nm). FLAG-M: FLAG tagged M-AAT, FLAG-Luc: FLAG 
tagged Luciferase, His-Z: 6-His tagged Z-AAT. D) ZAAT pulled down together 
with M-AAT. A 6-His tagged M-AAT expression plasmid was transfected into 
mRFP-Z-AAT stable expression CHO cells for 48 hours (+). A 6-His-GFP 
plasmid was used as a negative control (-). Cells were lysed in PBS and 
passed through a nickel column. Pre and post pull-down lysate was subjected 
to a SDS-PAGE gel and immunobloted with polyclonal rabbit anti-AAT 
antibodies. 
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Figure 4-6.  A schematic model showing M-AAT enhances Z-AAT secretion. Left, PiZZ 
hepatocytes have dilated ER and accumulated Z-AAT.  Only a small portion 
of monomer Z-AAT is secreted. Right, M-AAT expression from rAAV vector 
interacts with Z-AAT, reduced Z-AAT polymer, reduced ER stress and 
enhanced Z-AAT secretion. 
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CHAPTER 6 
FINAL DISCUSSION AND FUTURE DIRECTIONS 

Alpha-1 antitrypsin deficiency has been discovered for more than 40 years. The 

genetic mutation induced lung disease has been efficiently countered with augmentation 

therapy; however the liver disease caused by the Z mutation is still an unsolved 

problem. In the recent two decades, strides have been made in dealing with liver 

disease using various approaches, including traditional chemical drugs like 4-

phenylbutyric acid (PBA) (182) or carbamazepine (123) and gene therapy (55, 57). In 

the meantime, studies on the basic mechanisms of such mutation-induced liver disease 

provide a steady foundation for therapeutic development.  

In the chapters presented in this dissertation, we start the journey understanding 

the basic mechanisms of liver disease caused by mutant Z-AAT (Chapter 2) and then 

try to develop therapies based on these mechanisms (Chapter 3 and 4). First, we ask 

what pathways will be involved with aggregation-prone Z mutation. After comparing the 

gene expression profiles between AT01 and Hu339 cells, we found unfolded protein 

response (UPR) and NF-κB initiated ER overloading response (ERO) are the most 

important pathways to maintain the cell’s dynamics. The literature indicates that the 

“second hit” which causes the imbalance between aggregation and the degradation 

process might be the direct cause of liver disease (25, 37). 

The conclusions we generated from the mechanism studies enlightened our path 

to finding suitable therapeutic treatments. It tells us that the essence of the potential 

treatments should aim to restore balance within the cell. To achieve this goal, we have 

three options. Option 1: destroy the mutant Z-AAT; Option 2: facilitate and form correct 

folding; Option 3: increase secretion of Z-AAT. These three options are not mutually 
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exclusive. The data presented in Chapter 3 provides good support for Option 1. 

Compared to inducing a generous degradation system like autophagy or ERAD, the 

scFv project has several advantages. First, scFv target is very specific, so the collateral 

damage to other functional proteins is minimized. Second, the artificial construct is 

upgradable. Since the functional groups of our scFv-FKBP12 are distinct, each part is 

interchangeable for a better functional group in the future research. Third, the construct 

is a very small fragment that can be easily packed into an AAV virus for safe and 

efficient delivery. 

The AAV delivered M-AAT gene therapy we presented in Chapter 4 is not new 

for treating AATD lung disease. However, our results suggest that such therapy can do 

more than just provide M-AAT to the serum if delivered to the liver though portal vein 

injection. We demonstrated that overexpressed M-AAT can reduce aggregation within 

the ER of hepatocytes by increasing the secretion of mutant Z-AAT in the mouse serum. 

We also provided evidence of a possible mechanism for this treatment in which M-AAT 

binds to Z-AAT and terminates polymerization. This therapeutic approach adopted 

Option 3 above and proved it is a feasible way to cure Z-AAT induced disease.  

These two therapeutic approaches look very exciting to us; however, there is still 

a long way to go before putting them into clinical studies. In the scFv project, we are 

eager to see how effective this treatment will be in the transgenic Z mouse. Since we 

have already established an effective portal vein injection procedure, delivery of this 

gene will not be an obstacle for us. Also, more detailed mechanism studies are needed 

for understanding the polymer-inhibition and degradation process during the event. How 

the scFv-FKBP12-Z-AAT complex gets transported outside the ER is essential to these 
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studies. As mentioned above, the structure of scFv-FKBP12wt is interchangeable; 

therefore, we could expect the current scFv could be replaced by a better one that only 

recognizes Z-AAT. This will permanently reduce the effect of scFv on normal M-AAT. 

In the M-AAT gene therapy studies, safety is on the top of the list to investigate. 

The good news is that muscle M-AAT gene therapy has entered phase II clinical trials 

and no significant side effects have been observed (51). Meanwhile, similar to the scFv 

project, we need to understand how M and Z bind to each other and in what conditions 

they will bind. To solve this problem, crystallization structure of an M and Z mixture may 

provide the answer to this question.  

I first started my research project in Dr. Brantly’s lab focusing on basic 

mechanisms such as autophagy and UPR. After acquiring results from these projects, I 

started to think about how to utilize this basic understanding for development of 

therapeutic treatment. Fortunately, the collaboration we made with Dr. Dunn’s lab, Dr. 

Song’s lab, and Dr. Golde’s lab provided me with fresh new thoughts and up-to-date 

techniques that brought me closer to my goal. Through the journey of four years 

studying for my Ph.D., I found that the ultimate desire for the unknown is the force that 

drives me all the way. This force will accompany me through my career. 

May the force be with you! 
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APPENDIX 
PLASMID CONSTRUCTS 

 

     
 
 
 

  
 

Plasmid maps of the vectors used in these experiments. Regions 

designations are: pCB= Chicken Beta-actin promoter, TK=thymidine kinase promoter, 

Amp=ampicillin resistance gene. BGH= bovine growth hormone polyA signal.
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