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 Abstract  

Type 1 diabetes is an autoimmune disease characterized by loss of pancreatic 

beta-cells leading to insulin deficiency. Monitoring pancreatic beta-cell mass is 

critical in understanding the pathogenesis of diabetes and enhancing the treatment to 

type 1 diabetes. Type 2 diabetes is a metabolic disorder characterized by high blood 

glucose due to that beta-cells cannot response appropriately when insulin is present. 

Measurement of functional beta-cell mass by non-invasive beta-cell markers could 

greatly help monitor the action of beta-cell promotion drugs like glucagon-like 

peptide-1 (GLP-1) analogues. 

An autoantibody named IC2 was derived from a hybridoma made by fusion of the rat 

myeloma cell line Y3-Ag1,2,3 and spleen lymphocytes of a prediabetic BB-rat. 

Further studies over the past years found IC2 to be completely specific to the plasma 

membrane of the pancreatic beta-cell even in multiple investigated species including 

humans.  

In 2001, the IC2 monoclonal autoantibody was for the first time applied to 

noninvasive beta-cell imaging in vivo in mice. A smaller fragment of the large IgM 

autoantibody could enhance its penetration and blood clearance in biodistributions 

and probably enable bio-imaging studies in vivo. Additionally, the removal of IgM-Fc 

region can inhibit non-specific binding with Fc receptors. For these reasons, in these 

studies we used the proteolytic enzyme pepsin to fragment native IC2 IgM on an 

immobilized pepsin column or by free pepsin solution. The digestion products were 

purified by gel filtration size-chromatography and the fractions were further analyzed 

by microfluidic SDS-PAGE. The isolated fragments of IC2 IgM-F(ab’)2 and IgM-Fab 

were further studied for their binding properties to the beta-cell plasma membrane by 

enzyme-linked immunosorbent assay (ELISA) and cellular binding assay using flow 

cytometry. The binding results confirmed that the fragments remained active in their 

beta-cell specific binding. To identify F(ab’)2 and Fab fragments as a potential 

biomarker for beta-cell imaging, they should be used in further biodistribution studies 

to test their activity in vivo.   
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1 Introduction  

 

1.1 Type 1 diabetes 

Type 1 diabetes (T1D) is a chronic autoimmune disease characterized by destruction 

of insulin-producing pancreatic beta-cells, which leads to insulin deficiency. It 

consists of 10% of diabetic morbidities and it is the most common form of newly 

diagnosed diabetes in youth (Diamond, 2006). 
 

The cause of T1D has not been well understood yet. It is believed to relate to 1) a 

genetic bias based on human leukocyte antigen (HLA) types, individuals with HLA 

DR3 or DR4 type are predominant in the affected population, 2) a suspected unknown 

environmental trigger, like infection, perhaps causing polyclonal stimulation of B 

cells, 3) an autoimmune response mediated by T-cell that destroys the 

insulin-producing beta-cells (Daneman, 2006 and Rother, 2007). Preliminary 

evidence has indicated that Coxsackie B4 virus may trigger the autoimmune reaction 

(Akatsuka, 2009). Neuroendocrine pathways may also play a role in its development 

(Barglow, 1986).  

Patients with T1D have a healthy weight when onset occurs and their insulin level is 

normal as well in most of the cases, especially in the early stages. Later a rapid weight 

loss and irreducible fatigue occur, sometimes along with diabetic ketoacidosis (DKA), 

an extreme impaired state of metabolic system (Dunger, 2004). Those symptoms 

occur as beta-cell mass sharply decreases at the later phase (Figure 1). Although it is 

no longer a life-threatening disease, untreated T1D is fatal and its late stage 

complication can be really dangerous.  

T1D normally is treated with insulin replacement therapy, like insulin injection, 

insulin pump, together with controlled dietary management. Islet cell transplantation 

and pancreas transplantation offer an alternative to treat T1D at an experimental phase, 

but no following treatment with immune suppressor, and with all its side effects. 

http://en.wikipedia.org/wiki/Human_leukocyte_antigen
http://en.wikipedia.org/wiki/Autoimmune
http://en.wikipedia.org/wiki/Beta_cells
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Recently clinical trials showed that despite there are some problems with protocols, 

transplantation of islets of Langerhans can be effective for treatment for T1D 

(Marzorati, 2007). However, transplantation into an autoimmune recipient needs 

regeneration of normal immune tolerance to beta-cell at the first step, even in 

syngeneic cases.  

 

Figure 1. The amount of beta-cells during the development of T1D. The y-axis shows beta-cell 

mass in % of max and the x-axis show time in years (from www1). 

 

1.2 The monoclonal beta-cell surface-specific antibody, IC2 

IC2 was found when fusing BB rat (an inbred laboratory rat strain that spontaneously 

develops autoimmune type 1 diabetes) lymphocytes with the rat myeloma Y3 cells, 

then screening by plasma membrane specific ELISA and indirect immunefluorescence 

on rat living cells. The IC2 monoclonal antibodies were found to react with the 

surface of islet cell in both immunefluorescence and cellular ELISA assays; the 

specificity for rat islet cell surface was assessed using the same assays on different 

types of rat living cell suspensions.  

In the end, the hybridization of diabetic BB rat lymphocytes with rat myeloma cells 

formed a stable hybridoma secreting a monoclonal autoantibody, which is specific to 

pancreatic islet cells. It was named with IC2, and shown to be an IgM with kappa 

light chains. It turned out to bind to the surface of islet cells (Brogren, 1986). And 

further studies have shown that the specificity of IC2 for islet cells was selective. The 

http://en.wikipedia.org/wiki/Laboratory_rat
http://en.wikipedia.org/wiki/Autoimmune
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amount of bound IC2 is dependent on the functional state of the beta-cell; more IC2 binds 

beta-cells which are exposed to glucose and thereby actively producing insulin. It binds 

exclusively to functional beta-cells (Buschard, 1988) and even explicit to the plasma 

membrane of the pancreatic beta-cells (Aaen, 1990), as proven by electron 

microscopy studies using gold-conjugated IC2.  

The epitope for IC2 is still unknown but studies have been showed that IC2 does not 

react with insulin and therefore would not interfere with its secretion (Moore, 2001). 

However, recently IC2 have been suggested to target the t-SNARE complex of beta 

cells, which regulates the insulin secretion (Brogren, unpublished data). 

  

1.3 Beta-cell mass imaging 

Deeper knowledge of the causes for beta-cell mass loss in both T1D and T2D is still 

lacking. Obviously, an efficient way to monitor beta-cell mass under disease 

development and therapy conditions would greatly improve the understanding of 

diabetes pathogenesis. However, accurate assessment of beta-cell in humans is limited 

to autopsy studies (Weir, 1990). Non-targeting methods for beta-cell imaging have 

been used. The available method to monitor the behavior of islet cells in vivo is to 

label islet transplants with iron nanoparticles prior to transplantation and visualize the 

transplanted islets by magnetic resonance imaging (MRI) (Saudek, 2007), or by 

optical fluorescent methods. 

Among the newer methods of imaging of targeted beta-cells, some researchers believe 

in identifying beta-cell specific peptide from phage-display peptide libraries (Samli, 

2005), but this approach has the problem of finding isolated peptides with an enough 

high affinity and specificity to target beta-cells with a sufficient high affinity and 

specificity. Another method is using various kinds of beta-cell specific antibodies, like 

K14D10, for imaging, but some previous studies have demonstrated that the 

specificity of K14D10 Fab fragments to beta-cells was rather low, even though its 

affinity was comparable to that of native antibody (Hampe, 2005).  

Moore et al (2001) applied IC2 to noninvasive beta-cell imaging in vivo for the first 

time. They modified IC2 with a radioisotope chelator and evaluate its binding in vivo 
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in diabetic mice expressing the suppression of tumorigenicity 2 gene (ST2). The 

results demonstrated that a high specific binding and accumulation of the tracer to 

beta-cell occur after intravenous injection. In perfused pancreas no binding to 

exocrine pancreas or stromal tissues was observed, but a quantitative labeling of the 

residual beta-cells was obtained. The promising result from the study indicated that 

IC2 could become the imaging biomarkers for measuring beta-cell mass in vivo for 

diagnosis and to monitor treatment of diabetic patients with diabetes in clinic. 

Additionally, in vivo imaging studies in various species should be continued, 

including animal models of T1D and T2D in mice, rats, monkeys before applied to 

humans. 

     

1.4 Fragmentation of IgM 

IgM is an extremely large molecule that has a tendency to non-specifically interact 

with other molecules and matrices. The large size of IgM creates difficulties in the 

applications in vitro, like intact IgM molecules have difficulty permeating cell 

membranes and penetrating tissues in immunocytochemical studies; they have the 

problem of slow tissue penetration and slow clearance from the vascular system. 

Fragmentation of IgM is needed not only due to its large molecular weight -~900 kDa 

but also because the Fc portion of IgM can bind to cells with Fc receptors 

(macrophages, monocytes, B lymphocytes, and natural killer cells) and that will 

furthermore either trigger other immune responses or cause background staining in 

vitro studies. It is necessary to produce smaller, active fragments for these studies.  

Some noninvasive imaging methods using F(ab’)2 have shown its advantages in fast 

blood clearance and a decrease in nontarget background activity (Narula, 1995).  

IgMs from different species response differently to enzymatic cleavage and reduction. 

Because disulfides between the monomers locate at different parts of the heavy chain 

in different species (Milstein, 1975), their relative structure of IgM varies in the 

manner where the monomers are linked to each other to form the pentameric structure 

(Matthew, 1982).  

There are several kinds of enzymes, including pepsin (35.4 kDa), papain and trypsin 
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that can be used to cleave IgM. Pepsin and trypsin are proteolytic enzymes in the 

digestive system. Trypsin and papain can cause antibodies to degrade into pieces of 

small peptides. Digestion products obtained with pepsin are generally better than the 

other two. Pepsin functions best in acidic environment at temperature of 37°C and 

42°C in human, especially at pH 1.5 to 2.0 and it will denature at pH of more than 5. 

Pepsin is most efficient in cleaving peptide bonds between hydrophobic amino acids 

especially aromatic amino acids (Dunn, 2001), and it preferentially cleaves at the 

position of Phe, Tyr, Trp and Leu (in position P1 or P1'). At pH 1.3, pepsin is more 

specific to cleave at Phe and Leu in position P1 with negligible cleavage for all other 

amino acids (Keil, 1992). Pepsin is widely applied in the preparation of F(ab’)2 

fragments from antibodies. The digested antibodies may produce either F(ab’)2 or Fab 

fragments, or both of them (Figure 2), occasionally with Fv and smaller peptides as 

well. 

 

Figure 2. The schematic figure of human IgM molecule. The pentamer is made up of five subunits 

with constant (C) and variable (V) regions. The J chain is represented in the center of the molecule, 

linked by disulfide (S-S) bonds. The fragments of proteolytic digestion [F(ab’)2µ and Fabµ] are 

indicated (cited from Andrew S.M., Titus J.A., 2001) 

http://en.wikipedia.org/wiki/Peptide_bond
http://en.wikipedia.org/wiki/Hydrophobe
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Andrew%20SM%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Titus%20JA%22%5BAuthor%5D
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2 Materials and methods 

 

2.1 IC2 Hybridoma production  

IC2 hybridoma supernatant was obtain through a contract with Diatec monoclonals 

AS (Oslo, Norway) in 2009 or from a previous preparation produced in the Integra 

CL-1000 bioreactor (Integra Biosciences, Switzerland). The hybridoma was grown in 

medium of RPMI-1640 added with 1% penicillin streptomycin and 10% foetal bovine 

serum. 

  

2.2 Purification of IC2 by affinity chromatography 

2.2.1 Kaptiv-M affinity chromatography 

Kaptiv-M belongs to the Kaptiv family, a commercially available chromatography 

product line for the selective capture of monoclonal or polyclonal antibodies from 

different sources. Kaptiv-M was designed for the affinity purification of IgM 

molecules. The affinity matrix is obtained by immobilizing a synthetic 

peptidomimetic molecule on a NHS-activated 4% highly cross-linked agarose 

support.  

A column with adaptor (Pharmacia, Sweden) was packed with 25 ml Kaptiv-M gel 

slurry (Techogen, Italy) and equilibrated with PBS. The IC2 supernatant was loaded 

on the column and the affinity column washed with PBS until no proteins were 

detected by UV absorbance at 280 nm. The bound IC2 sample was eluted with 0.1 M 

acetic acid at pH 2.8, and neutralized immediately with 0.1 ml 1.0 M Tris pH 8.0 in 

each collected fraction. 

2.2.2 Protein L affinity chromatography 

Protein L from peptostreptococcus magnus binds immunoglobulins primarily through 

kappa light chain interactions without interfering with the antigen binding site of 

immunoglobulins. rProtein-L is a recombinant form of the native protein and contains 

four Ig-binding domains.  

The commercial product we used was rProtein- agarose (Actigen, Norway). The 
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sample IC2 hybridoma supernatant was applied to the rProtein- agarose with adaptor 

and incubated overnight at 4°C. A K10/20 column (Pharmacia, Sweden) with adaptor 

was packed with the gel slurry and equilibrated with PBS. As described above, the 

column was washed with PBS after no protein was detected by UV absorbance at 280 

nm. The sample was eluted with 0.1 M glycine at pH 2.0 and the eluted sample was 

neutralized with 1.0 M Tris pH 8.0.  

2.2.3 MARK-1 affinity chromatography 

MARK-1 is a mouse IgG1 kappa monoclonal antibody against kappa light chain of rat 

immunoglobulins (Igs). MARK-1 is an efficient antibody used in immunoaffinity 

chromatography to purify rat Igs or their fragments with kappa light chain. 

CNBr-activated Sepharose™ 4B (GE healthcare, 17-0430-01, Uppsala, Sweden) was 

used to immobilize the ligand MARK-1. Following the user’s manual, 20 mg pure 

MARK-1 was dialyzed against the coupling buffer (0.1 M NaHCO3, 0.5 M NaCl, pH 

8.3). The dialyzed ligand solution was mixed with the medium containing pre-washed 

CNBr-activated Sepharose and rotated overnight at 4°C. The excess ligands were 

washed away with 5 volumes of the medium. Before packing the column, the medium 

with the ligands was transfer to 0.1 M Tris-HCl buffer, pH 8.0 to block remaining 

active groups.  

The IC2 hybridoma supernatant was loaded directly or after preliminary Kaptiv-M 

purified on the packed MARK-1 column. The column was eluted with 0.1 M acetic 

acid at pH 2.8. The neutralizing buffer (1 M Tris, pH 8.0) was added into collection 

tubes in advance. After the elution peak went back to the base line, the column was 

washed with PBS with azid. The fractions from the elution peaks were collected and 

concentrated on centrifugal filters (Millipore, Ireland). The run through from the 

column was also collected for loading on the column one more time. 

 

2.3 Pepsin digestion 

The proteolytic enzyme we chose for fragmentation was pepsin. The digestion 

reactions with pepsin were carried out either by immobilized pepsin column or in free 

pepsin solution. The commercial Pierce IgM fragmentation kit offers pepsin 



 10 

immobilized on an agarose support, eliminating the need to separate enzyme from 

IgM fragments and the ratio of enzyme and antibody has been optimized, for a given 

protocol. The digested samples will not be contaminated by auto-digested enzyme 

fragments. The immobilized enzyme product is relatively stable (Figure 3). The 

immobilized pepsin is optimal for preparative application. Free pepsin reaction is 

more suitable to time course study and scale-up production. 

 

Figure 3. Pepsin cleavage sites (cited from instruction of Pierce® ImmunoPure IgM fragmentation 

kit).  

The purified IC2 IgM was first dialyzed against 0.1 M citric acid, 0.15 M NaCl buffer, 

pH4.5 in Slide-A-Lyzer® Dialysis Cassette (Thermo Scientific, Illinois, USA). Its 

concentration is around 1mg/ml. The IgM was inserted into the pepsin digestion 

column (Pierce® ImmunoPure IgM fragmentation kit from Thermo Scientific), and 

incubated at 37°C for 1.5 hr. The fragments were eluted with 4×1 ml 0.1 M citric acid, 

0.15 M NaCl, pH 4.5, according to the manufacture’s protocol. 

Porcine Pepsin (Boehringer Mannheim, Germany) was dissolved in 0.1 M citric acid, 

0.15 M NaCl buffer at pH4.5. The concentration of IC2 was around 1 mg/ml and was 

dialyzed against 0.1 M citric acid, 0.15 M NaCl buffer at pH4.5. The pepsin was 

added to the IgM solution at a ratio of 1: 200 (pepsin: IgM, w/w). Digestion 

proceeded at 37°C for 2 hr with periodical shakings. The reaction was stopped by 10 

volume of the IgM of 3 M Tris (Inouye, 1994).  

  

2.4 Gel filtration 

Size exclusion chromatography was used to separate each different fragment and it 

also served as a method for purification of the specific fragments. Our gel filtration 
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system Sephacryl S-200 HR (17-0584-01, GE healthcare, Sweden) was optimal for 

separation of undigested IgM from fragments. The Bio-Rad column volume was 1100 

mm × 10 mm. The sample was concentrated first by centrifugal filter (Millipore, 

Ireland) before applied to the column, and then eluted with PBS containing 0.1% 

NaN3, run at a flow rate of 13.2 ml/h for 8 hours and the eluted protein was monitored 

by absorbance at 280 nm. The fractions of F(ab’)2 and Fab were collected for the 

follow-up analytical tests. 

 

2.5 Analytical studies 

2.5.1 microfluidic SDS-PAGE 

Microfluidic SDS-PAGE was used to test the purity of samples and examine the 

pepsin digestion products either under reducing or nonreducing conditions. Agilent 

High Sensitive Protein 250 kit used in the Agilent 2100 Bioanalyzer (Agilent 

Technologies, California, USA) is a substituted method for traditional silver stain 

SDS-PAGE. It can detect proteins down to 1 ng/ml in 4 µl in a microfluidic chip 

format. 

After the concentration of samples to a proper volume by ultrafiltration centrifugation, 

5 µl of the samples were labeled with 0.5 µl Fluorescent dye solution and incubated 

on ice for 30 minutes. Then 0.5 µl ethanolamine was added and mixed equally, 

incubated for another 10 min on ice. The labeled samples were diluted 1: 150 in water 

and 4 µl of this diluate combined with 2 µl denaturing solution was boiled at 100°C 

for 5 min. The samples and marker were loaded on the chip along with gel matrix and 

destaining solution and analyzed in serial mode by Agilent 2100 bioanalyzer. The 

bioanalyzer generated electropherograms both in curve and gel-like format (Figure 4, 

6, 7).  

2.5.2 ELISA binding assays  

The 96 well microtiter plates were coated with 50 µl per well of 1:16 dilution in 

carbonate buffer of 1 mg/ml plasma membrane and incubated at 4°C overnight. Plates 

were blocked by incubating with 1% BSA in PBS overnight at 4°C. After washing 

with PBS, then 100 µl of native IC2, fragments-Fab, F(ab’)2, chimeric recombinant 
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rat human IgG (rhIgG) and rat human Fab (rhFab) were added respectively as primary 

antibodies. We used two-fold serial dilution on the plates. After overnight incubation 

at 4°C, 150 µl secondary antibodies were applied to each well. The secondary 

antibody to the native IC2 is goat-anti-rat-IgM-alkaline phosphatase (AP), the one to 

fragments of IC2 is MARK-1 biotin for Fab, F(ab’)2, and the one to recombinant IC2 

is anti-human IgG-AP (γ chain specific). The plate was incubated with secondary 

antibody for 2 hr at room temperature. The ELISA amplification system (Invitrogen, 

California, USA) was used to amplify the amount of color generated by reaction with 

substrate. Fifty micro liter substrate was loaded to each well and incubated for 30 min, 

subsequently 50 µl substrate amplifier was added. The color was allowed to develop 

for 15 min on each well, and then 50 µl of 0.3 M H2SO4 was used to stop the reaction. 

Concerning the secondary antibody used on the fragments of IC2, it had to be further 

conjugated with Streptavidin-AP (Roche, Germany) for another 30 min after the 

MARK-1-biotin incubation and washing; then the substrate was added as above. 

Absorbance values were measured at 492 nm by an ELISA reader-iEMS Reader MF 

(Labsystems, Australia). The detailed information about commercial antibodies has 

been used is indicated in Table 1. The OD value was transferred to Immunofit 

software (Beckman, California, USA) and the arbitrary value of antibodies binding 

was calculated accordingly. 

 

Table 1. Information about the commercial antibodies has been used. 

 

Secondary Antibody Company Cat. No. Lot. No. 
Dilution 

fold 

Goat-anti-rat IgM AP SouthernBiotech 3020-04 A4108N368C 1: 2000 

MARK-1 biotin 

Experimental 

Immunology Unit 

University of Louvain 

  1: 100 

Goat-anti-human IgG AP Sigma A 5403 086K61691 1: 1000 

goat-anti-rat IgM Alexa 488 Invitrogen A21212 437886 1: 100 

 

2.5.3 Rat IgM ELISA quantitation 

The concentration of IC2 IgM molecule was quantified on Rat IgM ELISA 
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Quantitation Set (Bethyl Laboratories, Texas, USA). Following the manual, the 96 

well microtiter plate was coated first with the affinity purified coating antibody 

(A110-100A, Bethyl Laboratories, Texas, USA) and incubated at room temperature 

for 1 hr. The solution 50 mM Tris, 0.14 M NaCl, pH 8.0 was added to each well to 

block the plate. The standard antibody-Rat Reference Serum (RS10-100-4, Bethyl 

Laboratories, Texas, USA) and the samples were diluted in PBS on two-fold serial 

dilution. One hundred micro liters of diluted standard antibody solution and samples 

were added into wells in triplicate. The secondary antibody used was HRP Detection 

Antibody (A110-100P, Bethyl Laboratories, Texas, USA), 100 µl of which was added 

and subsequently incubated for 1h at room temperature, 100 µl of the substrate TMB 

was added to each well. The color was developed in the dark for 15 min, and then 

0.18 M H2SO4 was used to stop the reaction in each well. The absorbance values were 

measured at 450 nm at an ELISA plate reader. Similarly, these OD values were 

transferred to Immunofit software and the exact concentration of rat IgM was 

calculated. 

 

2.6 Flow cytometry 

Flow cytometry was applied to characterize the IC2 specific binding with pancreatic 

beta-cells. The beta-cell line RIN-5AH and βTC cells were stimulated by 25 mM 

glucose before harvest. The cells were suspended in EDTA and suspended in PBS at a 

concentration of 10
6
/ml. The time course study was carried out by stimulating the 

cells 2 hr, 4 hr and 12 hr before cell harvest. And then cells were aliquot into each 

eppendorf tube and after centrifuging at 3,500 rpm, the cells were incubated with 100 

µl native IC2 IgM on ice for 1 hr. The labeled cells were washed by centrifuged at 

3,500 rpm for 3 min with adding 1 ml PBS + 0.5% BSA. After this procedure was 

repeated two more times, 100 µl of goat-anti-rat IgM Alexa 488 (SouthernBiotech, 

Alabama, USA) or fluorescein isothiocyanate (FITC)-labeled mouse-anti-rat-kappa 

(University of Louvain, Belgium) was applied to each tube and incubated on ice for 

30 min. The cells were washed as described above and suspended in 4% 

paraformaldehyde (PFA). They were analyzed on a flow
 
cytometer BD FACSCanto 
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with the software BD FACSDiva software (BD Bioscience, California, USA). The 

median fluorescence intensity was recorded and used in statistic evaluation of the 

binding, compared to secondary antibody alone or isotope control rat IgM.  
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3 Results 

 

3.1 Purification of IC2 

The purification of IC2 from hybridoma supernatant was done on three kinds of 

affinity columns: Kaptiv-M, Protein-L, MARK-1 column. They are all designed to 

purify IgM molecules from various sources. The purity of elution from each column 

was compared and the pH of elution buffer was optimized. It turns out that the 

Kaptiv-M column had the best capacity but gave the lowest purity. Protein-L column 

could give a satisfactory purity but it has a low capacity. The yield of purification on 

the Protein-L column can be enhanced by increasing pH of elution buffer. More 

protein can be eluted in the elution buffer at pH 1.2, but this pH value threatens the 

stability of the column. Its low capacity can be circumvented by a serial purification 

procedure, which is loading the elution from Kaptiv-M column to the Protein-L 

column. The results show that MARK-1 column has most specific ligand and gives 

the most pure IC2 product.  

 

 

Figure 4. Microfluidic SDS-PAGE of IC2 purification on various affinity columns. Under 

reducing condition, the IgM molecule was reduced into heavy chain of 95 kDa and light chain of 

25 kDa. Lane 1 purified IC2 from Protein-L column, lane 2 purified IC2 from Kaptiv-M column, 

and lane 3 purified IC2 from MARK-1 column. It shows highest purity is optimal using the 

MARK-1 column.  
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3.2 Fragmentation of IC2 

Fragments of IC2 IgM were prepared by pepsin digestion. We used both immobilized 

pepsin on a column from Pierce® IgM Fragmentation kit (Thermo Scientific, Illinois, 

USA) and free pepsin from porcine gastric mucosa (Boehringer Mannheim, Germany). 

Even though the kit was designed for rapid production of fragments from mouse and 

human IgM, it also functions on rat IgM. We followed the procedure in the manual, 

setting the incubation time at 37°C for 1.5 hr. On the profile from gel filtration, the 

IgM peak appeared at the 136
th

 min (30 ml outflow) after sample application and it 

disappeared after digestion. And the peaks of fragments showed on the profile at the 

172
nd

 min (38 ml outflow), and the 214
th

 min (47 ml outflow) (Figure 5). It means that 

IgM was completely fragmented on the column. The analysis on SDS-PAGE shows 

the precise molecular weight of the peak fractions from gel filtration (Figure 6 and 

Figure 7). The fragmentation products include F(ab’)2 with a size of 110 kDa, Fab 

with a size of 45 kDa and other small fragments, and the majority of digestion 

products from immobilized column is of F(ab’)2 type. 

 

 

Figure 5. Profiles for intact IC2 IgM (I) and Fab, F(ab’)2 fragments of IC2 (II) digested on 

immobilized pepsin column from size-exclusion chromatography. X-axis shows the outflow 

volume; Y-axis shows the relative absorbance at 280 nm.  
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Figure 6. Electropherogram of microfluidic SDS-PAGE analysis of purified IC2 (A), fragments of 

IC2 (B, C) under non-reducing condition, the fragmented IC2 was separated by the gel filtration 

on a Sephacryl S-200 column. The sample on Figure B is from the first peak on gel filtration after 

digestion, and C is from the second peak on gel filtration after digestion. Numbers on the peaks 

show the molecular size (kDa); X-axis shows migration time; Y-axis shows fluorescent unit. 

Figure A shows the profile of purified IC2, which size should be ~900 kDa, but the test range of 

Agilent High Sensitive 250 Protein kit is up to 240 kDa. Figure B shows the F(ab’)2 fragments of 

IC2 IgM. Figure C shows the Fab fragments of IC2 IgM.  
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Figure 7. Microfluidic SDS-PAGE electrophoresis file of purified IC2, fragments of IC2 under 

non-reducing condition. Lane A shows purified IC2 IgM of a molecule weight at ~ 900 kDa; lane 

B shows the IC2 IgM digested into F(ab’)2 and F(ab’)2-like molecules; lane C shows the IgM 

digested into Fab and some other fragments of even smaller size. They have been separated from 

size-exclusion chromatography.  

 

Following the method used in Inouye’s paper about fragmentation of rat IgM, the 

proteolytic enzyme digestion in free pepsin solution was incubated at 37°C for 2 hr. 

But in our experiment, after 2 hr incubation, IgM peak still appeared after the 

digestion (Figure 8). The 2h incubation time was not long enough to make IgM 

completely cleaved.  

 

 

Figure 8. Profiles for free pepsin digestion product from Sephacryl S-200 size-exclusion 

chromatography. The reaction was incubated at 37°C for 2 hr. X-axis shows the outflow volume; 

Y-axis shows the relative absorbance at 280 nm. 
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3.3 Flow cytometric binding assay 

The binding ability of purified IC2 was examined by flow cytometry. Experiments 

demonstrated that stimulating cells by glucose before harvest is necessary and 2 hr 

before harvest is long enough for cells to secrete insulin and expose the IC2 receptors. 

In the histograms (Figure 9), the intensity of the FITC when anti-rat IgM-Alexa488 

labeled pure IC2 binds with βTC cells is 1.5 decades more than the control group 

where the isotope labeled PBS binds with βTC cells. It demonstrates the specific 

binding ability of IC2 to the pancreatic beta-cells. We also tested fragments of IC2 

using flow cytometry. It requires highly concentrated samples and since FACS is less 

sensitive than ELISA method, so no positive result showed up on flow cytometry.  

 

 
Figure 9. A1, B1, C1 dot plot display the FSc vs. SSc characteristics of the IC2 binding with βTC 

cells. A, B, C respectively represent 1: 10 diluted pure IC2, pure IC2 (4.2 mg/ml) and PBS binding 

with RIN-5AH cells. A2, B2, C2 are their histograms showing the fluorescence intensity pattern.  
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3.4 ELISA beta-cell plasma membrane binding assay 

The specificity of IC2 to the plasma membrane of pancreatic beta-cells was also 

tested on ELISA micro plate coated with plasma membrane of rat insulinoma cell line 

RIN-5AH. The control group used here was a micro plate coated with pancreatic 

acinar AR42J cell plasma membrane. The difference between the binding with plasma 

membrane of RIN-5AH cells and of AR42J cells quantitatively shows the specific 

binding. The fragments of IC2 also have specificity for plasma membrane of 

pancreatic beta-cells, but native IC2 has obvious stronger specific binding with 

plasma membrane of pancreatic beta-cells (Figure 10). Fragments have lost part of 

their binding affinity.  

 

IC2 IgM binding with plasma membrane of RIN-5AH vs. AR42J
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Figure 10. ELISA results show the specific binding of IC2 and its fragments with pancreatic 

beta-cell RIN-5AH plasma membrane compared with pancreatic acinar cell AR42J plasma 

membrane.  
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Measuring the fragments absorbance at 492 nm, it showed that the pepsin digestion 

produces more F(ab’)2 than Fab fragments (Figure 11).  

 

 
Figure 11. ELISA results elucidate binding of both F(ab’)2 and Fab of fragments of IC2 to plasma 

membrane of RIN-5AH cell line.  
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4 Discussion  

 

In this project, we purified an autoimmune antibody IC2 which specifically binds to 

the plasma membrane of pancreatic beta-cells, and tested its specificity by flow 

cytometry and ELISA. Furthermore, we have studied the fragmentation of IC2 IgM 

using proteolytic enzyme pepsin.  

 

The hydrophobicity of IgM and its isoeletric precipitation caused a large loss 

throughout the whole experimental process. IC2 IgM molecules bind with membranes 

of dialysis cassettes and surfaces of centrifuge tubes. It precipitates during the affinity 

chromatography when using acidic elution buffer, due to its limited stability around 

its isoelectric point (pI=6).  

 

The low yield of fragment production make the follow-up biological activity assay 

and biodistribution study difficult to carry out. Two mille liter packed pepsin column 

can only cleave 1 mg IgM at one time. After the separation of F(ab’)2 and Fab on gel 

filtration, both of the fragments had very low concentration. From the results of 

electropherogram of SDS-PAGE analysis, we can see there are also some other 

cleaved molecules than F(ab’)2 and Fab, the ones with a size of 150 kDa and 80 kDa. 

Based on their sizes, they could be the monomeric IgG (150kDa), fragments of the 

Fc5, the disulfide-linked pentameric fragment containing Fc monomers (80kDa), 

noncovalent Fc (27kDa). The microfluidic SDS-PAGE under reducing condition 

could implicate what the other fragments are (Figure 6 B and C).  

 

The scale-up production of IC2 fragments could be achieved by using free pepsin. 

According to the only publication about preparation of fragments from rat IgM 

monoclonal antibodies done by Kuniyo Inouye and Koichi Morimoto in 1994, a 

pepsin-to-IgM (w: w) ratio was 1: 200 and incubation time was 2 hr. Some protocols 

suggest that pepsin-to-IgM should be 1: 50 (w: w) and incubation time should be 



 23 

between 6 hr and 12 hr (Rousseaux, Rat hybridomas and rat monoclonal antibodies, 

1990). In our case, prolonging the incubation time would make the digestion complete. 

Increasing the amount of pepsin will however cause trouble to the purification of IgM 

fragments apart from pepsin. It is not easy to separate pepsin (35.4 kDa) and Fab 

(45-55 kDa) on gel filtration column. There could be other unwanted fragments like 

IgG, Fc5 containing in the product. Better separation could be obtained by using size 

exclusion (SE) -High performance liquid chromatography (HPLC).  

 

The flow cytometric assay is less sensitive than ELISA. It requires higher 

concentration of the fragments and a proper concentration of cells at 10
5
-10

6 
/ml. 

When the concentration of pure IC2 was below 0.1 mg/ml, it showed no obvious 

increase in FITC intensity compared to the control experiment with PBS on the flow 

cytometric assay. As a result of the low yield of IC2 pepsin fragments, so far, 

fragments-labeled cells have not shown any significant results on flow cytometry. 

 

The RIN-ELISA system provided promising results that fragments bound more 

specific with plasma membrane of RIN-5AH cells than the control cell line AR42J. A 

newly developed competitive ELISA system improved the sensitivity of normal 

RIN-ELISA system. IC2 was labeled with biotin first and then the fragments were 

added to the wells to compete native IC2-biotin out. It turned out that both the F(ab’)2 

and Fab fragments remained their active binding ability to RIN-5AH cell plasma 

membrane.  

 

Further biodistribution studies of the obtained IC2 fragments are necessary before its 

potential use in bio-imaging can be fully exploited. Researcher Moore et al (2001) has 

already succeeded in using native antibody IC2 for measurement of beta-cell mass in 

vivo. As a matter of fact, the IgM molecule is considered too big to penetrate through 

the blood vessel and enter other organs and tissue. Other studies showed that 

fragments of an antibody may lose a great part of its affinity compared to the native 

antibody, especially when pentameric IgM undergoing cleavage to divalent IgG form 
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and F(ab’)2 or even small monovalent Fab form (Andrew, 2001). The biodistrubition 

experiment done by my colleague Pernille Wismann showed that fragments of IC2 

remained their high binding activity to pancreatic beta-cells (Figure 12). So if the 

fragments of IC2 show positive results in more optimized biodistribution in vivo, it 

will become the most efficient biomarker for beta-cell mass imaging among those 

other markers with lower specificity and lower affinity.  

 

 
Figure 12. Radioactive distribution of Rat IgM, IC2, K14D10, A2B5 and F(ab’)2 in pancreas 24 

and 96 hours after injection. They were labeled with 
125

I radio isotopes. Values shown are 

normalized to the radioactivity in blood. A2B5 was found to bind to transplanted rat insulinoma 

tumors. Generally it also binds to most neural and neuroendocrine tissue. K14D10 is a mouse 

monoclonal antibody, was studied in 2005 in vivo to measure beta-cells, but failed in the aspect of 

specificity. The mouse injected IC2 Fab died before the test, so no IC2 Fab biodistribution data is 

shown on the chart. 

 

There are two other parallel projects funded by the same JDRF. They have been 

working on creating recombinant and chimeric humanized format of IC2 respectively. 

One group Millegen® (Millegen, France) cloned the VH and VL regions of the rat 

IgM IC2, and then they created recombinant scFv and partly humanized it by adding 

constant region of human CH1 and CL1 (rhFab) by the method of genetic engineering. 

The chimeric format rhFab was eventually expressed in prokaryotic system. They also 

tried to create chimeric rhIgG form expressed in HEK cells in the same way. But so 

far the method has been limited by its low yield; rhFab and rhIgG have shown weak 

signals in RIN-5AH plasma membrane ELISA binding assay. The other group at 

Stanford University has been working on creating a fusion protein in the minibody 

http://www.ncbi.nlm.nih.gov/pubmed?term=%22Andrew%20SM%22%5BAuthor%5D
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format consisting of scFv-Fc genes fused with G luciferase report gene 

(scFv-Fc-Gluc-IC2), aiming to apply this fusion protein for in vivo bio-luminescent 

imaging on mice and try to trace the decrease in beta-cell mass during the onset of 

type-1 diabetes in non-obese diabetic (NOD) mice. However, the expression of 

minibody in COS cells is quite low~1 μg/ml. Scale-up of the transfection and 

improved expression is in progress. 
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