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	Introduction


Based on the ability of monoclonal antibodies that can selectively target and bind to a specific substance, they are becoming an important tool in biochemistry, molecular biology and medicine. Major applications of monoclonal antibodies include detecting the presence and quantity of a substance, and cancer treatment.
 
In this project, monoclonal antibody synthesis by a murine hybridoma cell line grown in 1 liter batch culture is mathematically modeled using PolyMath, with kinetic modeling data obtained from Bibila and Flickinger
. Three key steps of kinetic description is considered, including mRNA transcription for antibody polypeptides in nucleus of B cell, translation of mRNAs, as well as conjugation of the polypeptides to form the final antibody product.
Results obtained from the simulations are analyzed and discussed. The whole model is based on the assumption that the behavior of cells is in “average”, meaning no distribution of parameters in the cell population is taken into consideration. 
	Molecular Process


The process of producing monoclonal antibodies was first invented by Georges Köhler, César Milstein and Niels Kaj Jerne in the year 1975. In the process, a line of myeloma cells that have lost their abilities of antibody secretion are fused with healthy B-cells that can produce antibodies. Successfully fused cells are selected and used in detection of substances or therapies. 
B cells are produced in the bone marrow of most mammals. Human body can generate millions of different types of B cells each day that circulate in the blood and lymph contributing to the immune system. By exposure to its cognate antigen or with the help of a T helper cell, a B cell can be activated and further differentiate into either plasma cell or memory cell, in which plasma cells are able to produce large amount of antibodies synthesized by the help of the large amount of rough endoplasmic reticulum, memory cells have longer lives thus can respond to a specific antigen quickly if it is encountered for the second time.

Myeloma is a cancer of plasma cells where affected immune system cells will lose their functions of producing antibodies. It is a serious disease that can result in bone pain, infection, renal failure, anemia, etc. However, being cancer cells, myeloma cells have the ability to grow rapidly and indefinitely in culture. Myeloma cells used in the fusion process are those selected to have lost the enzyme hypoxanthine-guanine phosphoribosyltransferase (HGPRT), such that growth under certain conditions (HAT medium) is inhibited.

By making the cell membranes more permeable using polyethylene glycol (PEG), electroporation or infection with some virus, B cells from animal spleen or lymph nodes can be fused with myeloma tumor cells, forming hybridomas that have both the antibody secretion ability of B cells and the rapid duplication ability of myeloma cells. Massive production of monoclonal antibodies can thus be achieved. Fusion can occur between spleen cell and spleen cell, myeloma cell and myeloma cell, or between one spleen cell and one myeloma cell. However, only hybridomas fused by B cells and myeloma cells will grow in culture, since a healthy B cell can generate HGPRT and therefore allows the fused cell to survive in the HAT medium.
Though production of monoclonal antibodies can also be conducted in live animals, it causes great pain and is considered to be unethical. Therefore, production in cell culture is preferred.
	Accepted Mechanism


In the process of batch culture of hybridoma cells growing to synthesis and secrete monoclonal antibodies, following steps of mechanism will occur
:
1. Transcription of the heavy and light chain mRNAs. Genetic information is transferred from DNA to mRNA intermediate, which will be used in further process of protein synthesis;

2. Translation of these mRNAs. mRNAs are decoded to produce specific polypeptides according to the rules specified by the genetic codes, a chain of amino acids is converted from the mRNA sequence. This process occurs in the rough endoplasmic reticulum in association with the membrane-bound polyribosomes;

3. Assembly of the translation products. The heavy and the light chains are assembled to form antibodies in the rough and smooth regions of the endoplasmic reticulum;

4. Transport of the assembled antibody to the Golgi apparatus. Antibodies produced in the last step can be processed and packaged here;

5. Glycosylation. Post-translational modification is occurred by addition of saccharides to the antibodies produced, for the purpose of achieving proper folding, improving protein stability or making cell-cell adhesion better;

6. Secretion. 

Of the whole process of synthesis and secretion of monoclonal antibodies discussed above, mechanisms and kinetic expressions for steps 1-3 are available in the published sources. Therefore, the mathematical models of the three steps are used for simulation in this project.
	Modeling and Analysis of Kinetics



Antibody synthesis and secretion during the growth of hybridoma cell can be analyzed from three important key steps: transcription of heavy and light chain of mRNAs, translation of these mRNAs and covalent assembly of heavy and light chains to form the final antibody product.

Hybridoma cell is cultured in batch. It is assumed that cell grows from exponential stage, reaches stationary stage at around 40-60hours and comes to senescence stage after 100hours.  

I. Transcription of Heavy and Light Chain of mRNAs
Deoxyribonucleic acid (DNA) contains the genetic codes which serve as a long-term storage of information. The information serves as instructions needed to construct other components of cells, such as proteins and RNA molecules.
Mechanism

During DNA transcription, DNA unwinds and the reading of operon takes place under the control of DNA polymerase. Complementary code will be copied from DNA sense strands. It is done by formation of ester bond of complimentary free nucleotide into mRNA strand. 
Light polypeptide consists of less amino acid in chain, and therefore, requires less code on mRNA chain. So, light mRNA contains less nucleotides and lighter in mass. 

To produce the light and heavy polypeptides, two different operon of DNA will be transcript separately to produce heavy chain mRNA and light chain mRNA.

Kinetic and Modeling
The amount of mRNA synthesized within the cell can be concluded by mass balance as below:

[Accumulation of mRNA] = 
[synthesis of mRNA] 
 



– [decay of mRNA into free nucleotide] 
 



– [dilution of mRNA due to cell growth]

dmH/dt
= SH – [K + µ]mH                           

 (1)
dmL/dt 
= SL – [K + µ]mL                     


 (2)
where: mH and mL are intracellular heavy and light chain mRNA concentrations      (mRNA molecules/cell); 

            SH and SL are heavy and light chain mRNA transcription rates (mRNA  molecules/cell/hr);

            K is the decay rate of heavy and light chain mRNAs into free nucleotide as a function of time in batch culture (h-1);

            µ is the specific growth rate as a function of time in batch culture (h-1).

Schibler et al.
 reports that SH is between 2400 and 3600 transcripts/cell/hr, thus, we take 3000 transcripts/cell/hr as SH in modeling. Experiment data in article shows that the ratio of SL to SH is 1.5, thus, SL is taken as 4500 transcripts/cell/hr. Due to the light property, light mRNA is transcript faster compare to heavy mRNA which requires more nucleotides. After senescence stage at t = 100hours, there is no transcript, thus SH and SL = 0. 
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K is a function of half life time, with mathematical representation of K = ln2 / half-life. Decay rate of both heavy and light chain of mRNA are same. During exponential phase, K has average half life of 12hours, indicating mRNA decays slower; meanwhile K has average half life of 6 hours at stationary stage after 60hours of cultivation, indicating mRNA decays faster. 
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Growth rate µ is relatively constant at 0.04hr-1 before t = 40hr but decreases when cell enters stationary stage of growth until reaches 0.005hr-1 and finally attains zero growth rate at senescence level after t = 100hr.
Result Analysis
Result shows that heavy and light chains of mRNAs are manufactured in exponential shape follow by a constant rate, according to cell growth curve. The continual growth is due to continual transcription of mRNA. However, the average decay rate of mRNA and cell growth rate, although are relatively low, it is sufficient to decrease production rate to steady state. At t = 40hr, growth rate decreases, causing an abrupt increase in mRNA concentration. In stationary stage of cell growth after t = 60hr, decay ratio of mRNA increases but cell growth rate continues to decrease. Significant increase of K dominates and leads to the abrupt decrease of mRNA concentration. With zero transcript rates after senescence, lack of active element in cell to sustain mRNA causes mRNA decays even more drastically and comes to zero concentration in the end. 
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Light mRNA (in green) is observed to have higher concentration as compared with heavy mRNA, since the transcription rate of light mRNA is higher than that of heavy mRNA. 

PolyMath Codes and Reports
The PolyMath code and report for mRNA transcription are attached in the Appendix.
II. Translation of Heavy and Light Polypeptide Chain
Polypeptide chain consists of amino acid molecules. The sequence of amino acids in polypeptide chain is determined by the genetic code in mRNA. Light polypeptide chain has less amino acid than heavy polypeptide chain. It is lighter and has different amino acid with different sequence as compared to heavy polypeptide.

Mechanism

Transcript light and heavy mRNAs are translated by ribosome in cytoplasm. Translation involves the help of t-RNA as a transport of amino acid molecules to ribosome. Complementary t-RNA translates the code in mRNAs into amino acid sequences in polypeptide chain.
Kinetics and Modeling
The concentration of heavy and light polypeptide chain produced can be studied with the same approach that is through mass balance, as shown at below:

[Accumulation of polypeptide] = [synthesis of polypeptide] 
· [dilution of mRNA due to cell growth] 
–    [consumption in antibody assembly]
dH/dt = THmH – uH – RH


(3)
dL/dt = TLmL – uL – RL


(4)
where: H and L are concentrations of heavy and light polypeptide chains, respectively (polypeptide/cell);

TH and TL are heavy and light mRNA translation rate (polypeptides/mRNA/hr); 
RH and RL are heavy and light polypeptide chains consumption for the covalent assembly to form antibody (molecules/cell/min);

TH is relatively constant at 1020 chain/mRNA/hr and TL is at 720 chain/mRNA/hr in exponential phase. TH and TL decrease during stationary phase and decrease to about 360 and 240 chain/cell/hr near the end of stationary stage. Transcription stops when cell reaches senescence. 
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RH and RL are dependent on the assembly reaction as shown in next mechanism.

Result Analysis
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It is shown that in the exponential stage of cell cultivation, single heavy and light polypeptide chains are produced consistent with the high rate of mRNA transcript and high amount of mRNA available. Dilution of polypeptide due to cell growth is insignificant meanwhile the amount of polypeptide being used up for antibody assembly is still relatively low in the beginning of stage. At stationary stage, RH and RL take place in high rate and cause the decrease of amount of single heavy and light polypeptide chains. Together with the effect of low mRNA production and then low transcription, the amount of single heavy and light polypeptide chains continue to decrease until reaches zero amounts in the senescence stage.
The amount of L is greater than H is due to the reason as have been explained above. Light mRNA contains less nucleotides and can be transcript faster, while L contains less amino acid and can be translated fast too. Therefore, the rate of L production is greater than H and leads to L in higher amount compare to H. However, L decreases faster than H in stationary phase as the use up rate of L by reaction B and C to form antibody is must greater than H, which just merely dependent on reaction A.

PolyMath Codes and Reports
The PolyMath code and report for mRNA translation are attached in the Appendix.

III. Covalent Assembly of Polypeptides
Antibody consists of 2 light polypeptide chains and 2 heavy polypeptide chains. 
Recent produced light and heavy polypeptide chains are in primary structure of protein while coiled polypeptide of heavy and light chains due to hydrogen bond are in secondary structure of protein. Each chain further coils in specific configuration to form a tertiary structure of protein and conjugates with other chains to form quaternary structure. Antibody is in quaternary structure of protein.

Mechanism
The following mechanism has been proposed as the assembly path to form antibody. In endoplasmic reticulum (ER), heavy chain of polypeptides conjugate together to form a dimmer, follow by conjugation with light chain to form a heavy-heavy-light chain quaternary structure and finally comes to conjugation with light chain to form the antibody. 

H + H 
    ---- >    H2


reaction A
H2 + L     ---- >   H2L


reaction B

H2L + L   ---- >   H2L2


reaction C

Modeling and Kinetics
The amount of H2 accumulated is dependent on the rate of reaction A to produce it, the consumption of H2 in reaction B and the dilution of H2 due to cell growth. With the same way, the amount of H2L accumulated is dependent on the rate of reaction B to produce it, the rate of consumption of H2L in reaction C and the dilution due to cell growth. However, the amount of H2L2 accumulated is dependent on reaction C to produce it minus the dilution factor and amount of H2L2 secreted from reticulum endoplasm as antibody.

d[H2]/dt 
= RA – RB – u[H2]


(5)

d[H2L]/dt
= RB – RC – u[H2L]


(6)

d[H2L2]/dt 
= RC – q – u[H2L2]


(7)

The rate of consumption of H, RH, is two times of RA as two H will be used up in reaction A. Meanwhile, the rate of consumption of L, RL, is equal to RB plus RC as L will be used up separately in series in reaction B and C.

RH = 2 RA




(8)

RL = RB + RC




(9)

We assume that reaction A, B and C are elementary reactions. From reaction A, two H are involved, thus RA is second order with respect to concentration of H. factor 1/3 is included in order to take into account the fact that there are three disulfide bonds are formed between the two heavy chains. In reaction B, H2 and L are involved and thus, reaction B is first order to each H2 and L. Factor 2 is included as there are two possible ways the reaction for L to link to heavy chain dimer. Reaction C, with the same reasoning, is first order to each H2L and L each. No factor is included as there is only one way for L to conjugate into the site left within H2L. All the three rate of reactions are included with probability factor, P. To ease analysis, we take P as 1/3 with assumption that the three reactions occur in the same probability. In fact, P for reaction A should be higher, follow by reaction B and then reaction C as there are more available H in reticulum endoplasm compare with the recent form H2 and H2L in the pool.

RA = 1/3[H][H]P



(10)

RB = 2[H2][L]P



(11)

RC = [H2L][L]P



(12) 
According to the experiment in article, the rate of secretion of cell, q, is a time function. During the exponential phase, secretion rate is around 3.8micro g/107cells/hr, while the rate decreases to around 3.5micro g/107 cells/hr and finally comes to zero after senescence level of cell.
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Result and Analysis 

Rate of H and L consumption is high in the exponential stage as there are a lot of H and L available. The amount of H and L drop when entering the stationary stage, causing low H and L available for the consumption. Lastly, due to least amount of H and L available with most of H and L has been used up in the reaction A, B and C at the time near to senescence, RH and RL are the lowest. Same reason applied to RA, RB and RC, as the rates are high in the exponential stage, but drop to near to zero when reaching senescence stage.
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From Figure 10, we can see that H2 production is first followed by H2L and then H2L2. Though H2 and H2L are produced before H2L2, the amount of H2L2 seem to be greater than H2 and H2L after the initial production because the rate of reaction B and C are faster compare with reaction A. Factor 1/3 in reaction A reduces the rate of reaction A. Once H2 is formed from reaction A, L conjugates with H2 to form H2L, then H2L2 in faster time, leads to high amount of H2L2 being produced, while H2 and H2L are being used up to form H2L2, they are lower in concentration. After stationary stage, no more production of mRNA, H and L. Cell growth stops. Therefore the amount of H2L2 is constant, remains inside reticulum endoplasm of cell. At this time, no more ATP is produced and thus, no continual formation of H2L2 occurs, thus the amount of H2L and H2 are constants as well. Decay of H2L2, H2L and H2 are not applicable as conjugated quaternary structure proteins are relatively stable with disulfide, peptide and others bond bind the polypeptide chains together.

Polymath Codes and Reports
The polymath codes and reports for assembly of H and L to form H2L2 are attached in the Appendix.
	Appendix: PolyMath Codes and Reports


I. Transcription of Heavy and Light Chain of mRNAs


II. Translation of Heavy and Light Polypeptide Chain
III. Covalent Assembly of Polypeptides
Below are the polymath codes and reports for both translation of mRNA to produce polypeptides chains and assembly of H and L to form H2L2:





Figure 1. SH and SL vs. time





Figure 2. K  vs. time





Figure 3. µ  vs. time





Figure 4. dmH� and dmL  vs. time





Figure 5. TH� and TL  vs. time





Figure 6. H and L  vs. time





Figure 7. q  vs. time





Figure 8. RH  and RL  vs. time





Figure 9 RA,  RB and RC  vs. time





Figure 10 H2,  H2 L and  H2L2   vs. time








� Monoclonal antibodies � HYPERLINK "http://en.wikipedia.org/wiki/Monoclonal_antibodies" ��http://en.wikipedia.org/wiki/Monoclonal_antibodies� 


   Retrieved on May 8, 2007


� Bibila, T.A. & Flickenger, M.C. “A Structured Model For Monoclonal Antibody Synthesis in Exponentially Growing and Stationary Phase Hybridoma Cells”, Biotechnology and Bioengineering, Vol.37, Pp. 210-226 (1991) 0 1991 John Wiley 81 Sons, Inc.


� B cell � HYPERLINK "http://en.wikipedia.org/wiki/B-cells" ��http://en.wikipedia.org/wiki/B-cells� Retrieved on May 14, 2007


� Multiple myeloma � HYPERLINK "http://en.wikipedia.org/wiki/Myeloma" ��http://en.wikipedia.org/wiki/Myeloma� Retrieved on May 14, 2007


� Bibila T. & Flickinger M.C.


� All kinetic models are retrieved from Bibila T. & Flickinger M.C.


� U. Schibler, K.B. Marcu, and R.P.Perry, Cell, 15, 1495 (1978)
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