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Abstract

AIM : To study the efficacy of  protease–gag p24 targeted bispecific antibody in 
reduction of the progression of HIV-1 infectivity. 
METHODS
The BsAb was raised against HIV-1 protease - p24 conjugate in New Zealand white rabbits. The HIV-1 protease - p24 conjugate was synthesized by EDC /NHS method, chromatographically purified and characterized for its molecular  mass by SDS PAGE and its moieties, p24 and HIV-1 protease, by ELISA using anti p24 and anti HIV protease  antibodies, respectively. The rabbits were boosted to get the antibodies titre of 1:200000 for the conjugate. IgG were isolated from the pool of animals bled sera by salt fractionation followed by Protein A column chromatography. Bispecific antibody was identified by HIV-1 protease : p24 bridging ELISA and purified by sequential immuno- depletion chromatography. The purified bispecific antibody was characterized by immunoblots for its specificity and ELISA for its affinity to protease and p24. The biopotency of the bi-specific antibody was estimated by quantitative HIV-1 culture assay using MT4 lymphoblastoid cell lines infected with HIV-1 and measuring infectivity level in the culture supernatant by assaying p24 by ELISA and virus copy numbers by RT PCR. 
RESULTS
The bi-specific antibody reduced the progression of HIV-1 infection to 83.69% by p24 estimation and 86% by virus copy number whereas anti HIV-1 protease   antibody reduced the infection to 62.68%  by p24 estimation and 63.87% by virus copy number; anti p24 antibodies reduced the infection to 31.10% by p24 estimation and 35.42%  by virus copy number;    and equimolar combination of both the mono-specific anti HIV-1 protease and p24 antibodies reduced the infection by 50.36% by p24 estimation and 54.06 % by virus copy number. Control non-reactive  IgG had no effect on the reduction of HIV-1 infectivity as confirmed by p24 as well as virus copy number estimation. The difference in the efficacy of the bispecific antibody against the control IgG, anti HIV-1 protease antibody, anti p24 antibody and equimolar mixture of anti HIV-1 protease and anti p24 antibodies was statistically interpreted and found highly significant with the p value of  <0.001. 
CONCLUSION

Bispecific antibody inhibits the formation of functional gag-pol and structural core proteins which could be a potential HIV-1 therapy. 

Key Words

Bispecific antibody; monospecific antibody; gag-pol, HIV-1 protease; gag p24; immunodepletion; MT4 lymphoblastoid cells;  ELISA ; RT-PCR.
Core tips
This work was mainly based on the concept of double layer targeting the virus structural proteins formation and inhibiting the progression of HIV-1 infectivity. The precursor, gag-pol polypeptide, needs to be cleaved by HIV-1 protease to produce functional proteins. Hence, HIV-1 protease was targeted at first layer to inhibit the formation of structural proteins. The second layer target was gag p24, core viral protein forms during the assembling of virus. Though, the monospecific antibodies show the viral reduction individually and in a combination which was further enhanced significantly by this bispecific antibody targeting HIV-1 protease and gag p24.
INTRODUCTION

Human immunodeficiency virus (HIV) is an etiologic agent of Acquired Immuno Deficiency Syndrome (AIDS) of family Retroviridae [1,2] having two distinct strains: HIV-1 and HIV-2 which are quite similar in structure but serologically distinguishable (transmembrane protein gp41 for HIV-1 and gp36 for HIV-2) [3]. Based on env or gag sequences, HIV-1 has three phylogenetic groups, which are further divided into subtypes: (a) Group M (Major), which has 11 subtypes A to K, (b) Group O (Outlier), which has 9 subtypes and shares 55–70% of genes with Group M of HIV-1, and (c) Group N (New). HIV has an affinity to the surface of CD4 T lymphocyte. Since the CD4 T lymphocytes coordinate a number of important immunologic functions, the loss of these cells results in impairment of immune system of the infected individuals leading to opportunistic infections.

No medicines were available to treat the immune deficiency syndrome (AIDS) and only few treatments existed for the opportunistic diseases when AIDS first appeared. However, during the past one decade, a number of drugs have been developed to fight both HIV and its associated infections. The Food and Drug Administration (FDA) has approved several drugs for treating HIV infection. The first group of FDA approved drugs used to treat HIV infection, called nucleoside reverse transcriptase (RT) inhibitors, interrupt early stage of the virus replication and may slow the spread of HIV in the body and delay the opportunistic infections. Another class of approved drugs for treating HIV infection, protease   inhibitors, interrupts virus replication at a later step in its life cycle.

For effectively suppressing the virus, a combination therapy known as highly active antiretroviral therapy (HAART) is under practice especially when HIV develops resistance. Despite the beneficial effects of HAART, severe associated side effects have been reported including complications leading to death [4-6]. Use of protease inhibitors is strongly associated with the likelihood of having a myocardial infarction, correlated with diabetes mellitus, hyperlipidaemia, decrease in sexual interest, lithogenic, osteopenia and osteoporosis, atherosclerosis and increased vascular risk [7-11].
The potential for employing antibodies to strengthen the immune system to combat tumors and infectious disease without any complication has stimulated imagination of antibody therapy from many years [12,13]. Many approaches have been used for using antibodies and antigens as therapeutic and as vaccine candidates [14-15]. Potential of neutralizing antibodies as therapeutic and vaccine candidate against HIV and SHIV (simian/human immunodeficiency virus ) have been investigated with different modifications [16-19] in order to improve the therapeutic utility of antibodies. One of the modifications was the generation of bi-specific antibody (BsAb) [19,20]. BsAb are hybrid proteins comprise of two specificities; can be produced by chemical, genetic or biological methods, can block and neutralize two different therapeutic targets, simultaneously. The prototypic BsAb, a F(ab’)2 heterodimer, is constructed via chemical cross-linking of F(ab’)2 or Fab’ fragments of parental antibodies [21]. Bispecific antibodies can also be constructed by fusion of two hybridoma lines, generating so-called quadromas. Genetic engineering has also led to the development of various other  BsAb formats [22-24]. 

Since viruses are very small, they make maximum use of the minimal genetic information that they have. HIV does this by making a long polypeptide chain that contains many proteins. These protein precursors, gag-pol polypeptide, must be cleaved by HIV-1 protease   at 9 specific points in order to produce proteins. The gag precursor will eventually give rise to structural proteins and pol precursor will give rise to enzymes such as reverse transcriptase, integrase, and protease. Thus, HIV-1 specific protease is necessary to make functional virus. The objective of the study was to block the ability of the HIV-1 protease to cut the viral polypeptide into the functional viral proteins by its corresponding antibody and hence, reduction in the progression of HIV-1 infectivity [25-29]. Although the anti protease antibodies are reported to be effective in reducing the progression of HIV-1 infectivity but its efficacy was further enhanced by extending its specificity to gag p24. Thus, bi-specific antibody to HIV-1 protease and p24 was raised employing a novel technique and its efficacy in reduction of the progression of HIV-1 infectivity was studied.

2. Materials and methods

2.1. Preparation of rec p24: The recombinant p24 was prepared in-house with minor modification of the procedures [30]. Briefly, the total RNA was isolated from HIV-1 and cDNA was prepared. The cDNA was taken as template for the amplification of p24 gene by PCR. The amplified product was used to construct a clone in pET23b expression vector that had T7 promoter, T7 transcriptional terminator, B lactomase gene, M13 origin of replication for propagation in E. coli, ampicillin resistance marker and ribosome binding site. The p24 was expressed in E. coli BL 21, purified and characterized for purity and specificity. 

2.2. Conjugation of rp24 with HIV-1 Protease: Rec p24 solution (1 ml from 10 mg/ml stock) was mixed with 10 μmoles of 1-Ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC). The EDC catalyzes the formation of amide bond between carboxylic and amine groups by activating carboxyl group to form an electrophilic derivative which in turn reacts readily with nucleophilic amino groups [31,32] (Figure 1). 10 μ moles of N-hydroxysuccinimide (NHS) was added to the reaction mixture and allowed to react for 24 hours on a rotary shaker at 40C. 4.5 mg of HIV-1 protease was dissolved in 2 ml borate buffer, 100mM, pH 8 and mixed with the EDC activated rec p24 solution. Coupling reaction was allowed for 24 hours on a rotary shaker maintained at 40C. The material was dialyzed against 4 liters of phosphate buffered saline, phosphate 50 mM, sodium chloride 100mM, pH 7.2 for overnight at 40C  using 10 kD cut-off membrane. The conjugate was further purified by gel filtration using sephadex G50 column chromatography. The conjugate was again dialyzed against 4 liters of phosphate buffered saline, phosphate 50 mM, sodium chloride 100mM, pH 7.2 for overnight at 40C  using 10 kD cut-off membrane [18]. 
                  






              






 




















            



 Figure 1 : Schematic representation of conjugation reaction mechanism of   rp24-Protease   conjugate.  The rp24 was converted into an electrophilic derivative, rp24-EDC derivative, by reacting with EDC. The electrophilic derivative reacts further with nucleophilic amino group of protease in presence of N-hydroxysuccinimide (NHS) and forms of rp24-HIV-1 protease   conjugate.
2.3. Characterization of rp24-HIV-1 protease conjugates: rp24 - HIV-1 protease conjugate was characterized by SDS PAGE and ELISA.

2.3.1. SDS PAGE: The mass and purity of rp24-HIV-1 protease conjugate was determined by 12% reducing SDS PAGE. 

2.3.2. ELISA: ELISA was performed by immobilizing rp24-HIV-1 protease  conjugate on the surface of microwell by putting 100 μl of the conjugate solution (1.0 μg/ml phosphate buffer, 10 mM, pH 7.2) per well of microplate. The plate was incubated at 37oC for 2 h and the immobilized surface was washed twice with phosphate buffer, 10 mM, pH 7.2 and blocked with 365 μl/ well of 1% casein digest hydrolysate in phosphate buffer, 10 mM, pH 7.2 and the plate was incubated at 370C for 1 h and washed again twice with phosphate buffer, 10 mM, pH 7.2. The pre-characterized human anti p24 antibody and rabbit anti HIV-1 protease antibody samples were diluted (5μg/ml) with phosphate buffer (10 mM, pH 7.2) containing 1% casein digest hydrolysate and 0.1% Tween-20.  100 μl of each diluted sample was pipetted into pre-labelled wells and incubated at 370C for 30 min. The unreacted components were washed out thrice with phosphate buffer, 10 mM, pH 7.2 containing 0.1% Tween-20. The wells were incubated with 100 μl of anti human IgG-HRP and anti rabbit IgG-HRP conjugates in the respective wells at 370C for 30 min. The unreacted conjugate was washed out thrice with phosphate buffer, 10 mM, pH 7.2 containing 0.1% Tween-20 and incubated with 100 μl per well of H2O2-TMB substrate-chromogen reagent. The reaction was quenched after 10 minutes by adding 50 μl per well 2.5N H2SO4 and the absorbance was read at 450 nm. 

3.  Immunization of rabbits with rp24 - HIV-1 Protease conjugate and antibody titre determination: New Zealand white rabbits (10 numbers) were immunized with 100μl of the oil-in-water emulsion of Freund’s complete adjuvant with 10 μg of rp24-HIV-1 protease conjugate, subcutaneously, boosted with 5 μg of rp24-HIV-1 protease conjugate emulsified with Freund’s incomplete adjuvant subcutaneously after three weeks. Two boosters were given fortnightly. One week after the second booster, rabbits were bled and checked for the antibody titre to gag p24, HIV-1 protease   and rp24-HIV-1 Protease   conjugate by ELISA.   

ELISA was performed by immobilizing rp24, HIV-1 protease and rp24-HIV-1 protease conjugate individually on the surface of microwell by putting 100 μl of the conjugate solution (1.0 μg/ml phosphate buffer, 10 mM, pH 7.2) per well of microplate. The plate was incubated at 37oC for 2 h and the immobilized surface was washed twice with phosphate buffer, 10 mM, pH 7.2 and blocked the unimmobilized surface with 365 μl/ well of 1% casein digest hydrolysate in phosphate buffer (10 mM, pH 7.2) and the plate was incubated at 37oC for 1 h and washed again twice with phosphate buffer. The anti rp24-HIV-1 protease anti sera was diluted upto 1:300000 with phosphate buffer, 10 mM, pH 7.2, containing 1% casein digest hydrolysate and 0.1% Tween-20. 100 μl of each diluted serum was pipetted into pre-labelled wells and incubated at 37oC for 30 min. The unreacted components were washed out thrice with phosphate buffer, 10 mM, pH 7.2 containing 0.1% Tween-20. The wells were incubated with 100 μl of anti rabbit IgG-HRP conjugate at 370C for 30 min. The unreacted conjugate was washed out thrice with phosphate buffer, 10 mM, pH 7.2 containing 0.1% Tween-20 and incubated with 100 μl per well of H2O2-TMB substrate-chromogen reagent. The reaction was quenched after 10 min by adding 50 μl  per well  2.5N H2SO4 and the absorbance was read at 450 nm. 

4.  Isolation of IgG from antisera: A fraction of IgG was isolated from pooled antisera, having the ELISA titre of 1: 200000 to rp24-HIV-1 protease conjugate, by treating with 33 % saturated ammonium sulfate v/v. Fractionated IgG was purified by sepharose - protein A column chromatography and characterized by electrophoresis. 
5.  Bi-specific antibody

5.1. Identification of bi-specific antibodies: Presence of bi-specific antibodies to rp24 and HIV-1 protease in the purified IgG was confirmed by ELISA wherein the HIV-1 protease   (100 ng / 100μl phosphate buffer, 10 mM, pH 7.2 / well) was immobilized on the polystyrene surface of the microwells by incubating at37oC for 2 hours and the immobilized surface was washed twice with phosphate buffer, 10 mM, pH 7.2 and blocked the unimmobilized surface with 365 μl/ well of 1% casein digest hydrolysate in phosphate buffer, 10 mM, pH 7.2 and the plate was incubated at 37oC for 1 h and washed again twice with phosphate buffer, 10 mM, pH 7.2. The purified IgG was diluted to 1:10000 with phosphate buffer, 10 mM, pH 7.2, containing 1% casein digest hydrolysate and 0.1% Tween-20. 100 μl of the diluted IgG was pipetted into pre-labelled wells and incubated at 37oC for 30 min. where IgG to HIV-1 protease and p24 conjugate-HIV-1 protease (bi-specific antibodies) were captured by HIV-1 protease on the solid phase. The unreacted components were washed out thrice with phosphate buffer, 10 mM, pH 7.2 containing 0.1% Tween-20. The captured bi-specific antibodies reacted specifically with rp24- HRP conjugate (prepared by periodate method) when incubated at 37oC for 30 min. The unreacted conjugate was washed out thrice with phosphate buffer, 10 mM, pH 7.2 containing 0.1% Tween-20 and incubated with 100 μl per well of H2O2-TMB substrate-chromogen reagent. The reaction was quenched after 10 min. by adding 50 μl per well 2.5 N H2SO4 and the absorbance was read at 450 nm. 

5.2 Isolation of bi-specific antibodies: Following immunoaffinity columns were employed to deplete the antibodies to p24 and HIV-1 protease and to get the purified antibodies to the shared epitope (BsAb).

Affinity columns were prepared by conjugating the sepharose to HIV-1 protease   (Column A), sepharose to rp24 (Column B) and sepharose to rp24-HIV-1 protease (Column C) by cyanogen bromide method. Protein A affinity purified IgG was sequentially passed through sepharose-HIV-1 protease column (A) to depleted anti p24 antibodies, sepharose-rp24 column (B) to deplete anti HIV-1 protease and finally sepharose-p24-HIV-1 protease column (C) and eluted bi-specific antibodies to the shared epitope between HIV-1 protease and rp24. The finally eluted antibodies react with p24 as well as HIV-1 protease. The immunodepletion and elution of antibodies were analyzed by immunoblots showing the reactivity with the respective antigens as given in the Table-I
5.3. Characterization of bi-specific antibodies: The bi-specific antibodies to the gag p24 and HIV-1 protease were characterized by immuno blots for specificity and ELISA for affinity.

5.3.1. Specificity of bi-specific antibodies: The specificity of bi-specific antibodies was confirmed by immunoblots where all the depleted as well as eluted IgG samples from all the three columns were analyzed. 

5.3.2. Affinity of bi-specific antibodies: The affinity of bi-specific antibodies was analyzed by ELISA and compared with monospecific anti p24 and anti HIV-1 protease antibodies. The ELISA wells were coated with HIV-1 protease   and rp24 (100 ng / 100μl phosphate buffer, 10 mM, pH 7.2 / well) in their respective wells by incubating at 37oC for 2 hours and blocked with 365 μl/ well of 1% casein digest hydrolysate in phosphate buffer, 10 mM, pH 7.2 by incubating at 37oC for 1 h. Washed the wells twice with phosphate buffer, 10 mM, pH 7.2. The bi-specific antibodies, anti p24 and anti HIV-1 protease   antibodies were diluted upto 1:300000 with phosphate buffer, 10 mM, pH 7.2, containing 1% casein digest hydrolysate and 0.1% Tween-20. 100 μl of the diluted antibodies was pipetted into pre-labelled wells and incubated at 37oC for 30 min. The unreacted components were washed out thrice with phosphate buffer, 10 mM, pH 7.2 containing 0.1% Tween-20. The captured antibodies reacted with anti rabbit IgG-HRP conjugate when at 37oC for 30 min. The unreacted conjugate was washed out thrice with phosphate buffer, 10 mM, pH 7.2 containing 0.1% Tween-20 and incubated with 100 μl per well of H2O2-TMB substrate-chromogen reagent. The reaction was quenched after 10 min. by adding 50 μl per well 2.5N H2SO4 and the absorbance was read at 450 nm. 

5.4. Efficacy of bi-specific antibodies: The efficacy of the bi-specific antibodies was estimated by quantitative HIV-1 culture assay [33-36]. The MT4 lymphoblastoid cell lines infected with HIV-
1 III B 100 TCID 50 in a 24-well microtiter plate for 14 days.  Addition of bi-specific antibodies to the culture wells with profect-1 (Targeting Systems) causes reduction in infectivity. Profect -1 is a lipid reagent which coats the antibodies and escorts them across the cell membrane. The infectivity level was measured in the supernatants from each culture well by assaying p24 antigen by ELISA (Coulter HIV-1 p24 Antigen Assay kit) and virus copy numbers by RT PCR (HIV-1 RT-PCR Kits, Qiagen).

Assay was performed by seeding 2x106 MT4 lymphoblastoid cells per well. After getting monolayer of MT4 lymphoblastoid cells, reagents were added into the culture wells as per the format given in the Table-II. Culture plates were kept in an incubator maintained at 37 oC and 5% CO2. Media of each well was replaced with the fresh culture media (RPMI 1640, 2mM L-glutamine) on day 1 and day 7 and the culture was terminated on day 14.  100 μl media from each well was removed on day 14 to assay HIV p24 antigen and virus counts.
Table-I

  Format for quantitative HIV-1 culture assay
	
	1
	2
	3
	4
	5
	

	A

    MT4 lymphoblastoid cells

         (2x106 MT4/ ml)

   Phosphate buffered saline

       10mM, pH : 7.2

    Profect -1 (0.1%)
	1.0 ml

0.2 ml

10µl
	1.0 ml

0.2 ml

10µl
	1.0 ml

0.2 ml

10µl
	1.0 ml

0.2 ml

10µl
	1.0 ml

0.2 ml

10µl
	Negative control

(No Virus)



	B

    MT4 lymphoblastoid cells

       (2x106 MT4/ ml)

   Virus (HIV-1 III B 100 TC ID 50)

    Phosphate buffered saline

       (10mM, pH : 7.2)
     Profect -1 (0.1%)


	1.0 ml

100µl

100µl

10µl
	1.0 ml

100µl

100µl

10µl
	1.0 ml

100µl

100µl

10µl
	1.0 ml

100µl

100µl

10µl
	1.0 ml

100µl

100µl

10µl
	Positive control

( Virus but No antibody)

	C

    MT4 lymphoblastoid cells

         (2x106 MT4/ ml)

    Virus (HIV-1 III B 100 TC ID 50)

   IgG (10μg/ml)

C1 - Novel antibody

C2 - Anti HIV-1 Protease  

         antibody

C3 - Anti p24 antibody

C4 - Anti HIV-1 Protease   +  anti  

               p24 antibodies

C5 - Normal rabbit IgG
    Profect -1 (0.1%)
	100µl

100µl

100µl

10µl
	100µl

100µl

100µl

10µl
	100µl

100µl

100µl

10µl
	100µl

100µl

100µl

10µl
	100µl

100µl

100µl

10µl
	Test

Antibodies

(10μg/ml)




               Table – II

    Estimation of p24 antigen by ELISA for the quantification of virus infectivity

	Replicate

Experiments


	ELISA O.D. at 450 nm
	

	
	1
	2
	3
	4
	5

	A

Negative Control
	0.087
	0.103
	0.094
	0.057
	0.073

	B

Positive Control


	1.753
	1.592
	1.733
	1.649
	1.551

	C 1

Novel Antibody


	0.267
	0.284
	0.258
	0.273
	0.269

	C 2

Anti HIV-1 Protease    antibodies


	0.625
	0.648
	0.587
	0.611
	0.617

	C 3

Anti p24 antibodies
	1.157
	1.084
	1.136
	1.181
	1.149

	C 4

Anti HIV-1 Protease   +  anti p24 antibodies
	0.847
	0.813
	0.872
	0.774
	0.803

	C 5

Irrelevant  rabbit IgG
	1.642
	1.596
	1.733
	1.583
	1.669


5. Results

Characterization of rp24-HIV-1 protease conjugates by SDS PAGE: The mass of the conjugate was found ~35 kD whereas the mass of the p24 and HIV-1 protease was ~24 kD and ~11kD, respectively. No other band than conjugate was observed in the purified conjugate sample (Figure 2).
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Figure 2 : SDS PAGE of rp24 – HIV-1 protease   conjugate, showing the purity and mass of the conjugate. Lane 1: Molecular weight markers; Lane 2: rp24-Protease   conjugate; lane 3 : rp24 ;  Lane 4 : HIV-1 protease. Single band of the conjugate was observed at ~ 35 kDa showing the equimolar conjugate (Lane 2).  The mass of  rp24 was found to be  24 kDa whereas 11 kDa for HIV-1 protease.
ELISA: Both the wells showed the reactivity to an extent of 1.5 and 1.8 respectively. No reactivity was observed with control human and rabbit IgG at 5μg/ml concentration. The ELISA reactivity to both HIV-1 protease and p24 confirms the conjugate having both the moieties.
Immunization of rabbits with rp24 - HIV-1 Protease conjugate and antibody titre determination: All the immunized rabbits responded to the rp24, HIV-1 protease and rp24-HIV-1 protease conjugate whereas the sera from unimmunized rabbits did not show any reactivity (ELISA OD : < 0.1). The average titer was 120000 to rp24, 100000 to HIV-1 protease   and 200000 to rp24 -HIV-1 protease conjugate (Fig 3).
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Figure 3 : Elicitation of immune response to rp24 -HIV-1 protease   conjugate, rp24, HIV-I Protease and placebo. The antibody titre was measured to rp24, HIV-1 protease   and rp24-HIV-1 protease   conjugate by ELISA. All the immunized rabbits responded to the rp24, HIV-1 protease   and rp24-HIV-1 protease   conjugate. The anti sera titre to rp24, HIV-1 protease   and rp24-HIV-1 protease   conjugate are depicted in the diagram as an average of all the immunized rabbits in the given Group.  The average titre was 120000 to rp24, 100000 to HIV-1 protease, 200000 to rp24-HIV-1 protease   conjugate and no titre for placebo.
Isolation of IgG from antisera: The mass of the purified IgG was found to be ~180 kDa as shown in Fig 4.
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Fig. 4: Isolation of IgG from antisera.

Gel –I : SDS PAGE of  IgG was isolated from pooled antisera by treating with 33 % saturated ammonium sulfate (v/v). Lane -1 : Molecular weight marker; Lane-2: IgG depleted fraction of serum; Lane –III :  Fractionated IgG.

Gel –II :  SDS PAGE of  Protein A purified IgG from Fractionated IgG pool and showing the relative molecular mass of about 180 kDa. Lane -1 : Molecular weight marker; Lane-2: Normal rabbit IgG; Lane –III :  purified IgG.
Identification of bi-specific antibodies: ELISA confirmed (Average ELISA O.D.: 1.527) the presence of bi-specific antibodies in the purified IgG. The anti HIV-1 Protease and anti p24 antibodies at the concentration of 1 mg / ml, 0.1 mg /ml and 0.001 mg/ml were also subjected to the assay for control and found nonreactive (ELISA O.D. : < 0.1) at any of their concentrations that supports the antigenic specificity of  bi-specific antibodies to rp24 and HIV-1 protease.
Characterization of bi-specific antibodies: 

Specificity of bi-specific antibodies: The depleted IgG from column-A (sepharose – HIV-1 protease   column) was found reactive to rp24 but not to HIV-1 protease confirms the removal of anti p24 antibodies from the Protein-A purified IgG but neither anti HIV-1 protease antibodies nor bi-specific antibodies was present in the depleted IgG fraction.  The eluted IgG from column- A was reactive to both HIV-1 protease as well as rp24  showing the presence of bi-specific antibodies as well as anti HIV-1 protease antibodies. 
The depleted IgG from column-B (sepharose–rp24) was reactive to HIV-1 protease but not to rp24 confirms the removal of anti HIV-1 protease   antibodies from the column-A eluted IgG. The eluted IgG from column-B was reactive to both HIV-1 Protease as well as rp24 that show the presence of bi-specific antibodies. 
The depleted IgG from column-C (sepharose-p24- HIV-1 protease) was neither reactive to rp24 nor to HIV-1 Protease confirms the absence of anti HIV-1 protease   antibodies and anti p24 antibodies. The eluted IgG from column-C was reactive to both HIV-1 Protease as well as rp24 that show the presence of bi-specific antibodies.
Affinity of bi-specific antibodies:
The reactivity of the bi-specific antibodies was up to 1: 250000 dilutions with p24 and     1: 225000 dilutions with HIV-1 protease,   whereas anti p24 antibodies were found reactive up to 1: 100000 dilutions with p24 and no reactivity with HIV-1 protease.  Anti HIV-1 protease   antibodies were found nonreactive with p24 and reactive up to 1: 75000 dilutions with HIV-1 protease. The 1:1 mixture of anti p24 and anti HIV-1 protease   antibodies showed the reactivity up to 1: 100000 and 1: 75000 dilutions with p24 and HIV-1 protease, respectively. The result shows that the affinity of bi-specific antibody to p24 was found 2.5 times more than monospecific anti p24 antibodies and 3 times more than monospecific anti HIV-1 protease. The  difference observed in the targets (p24 / protease) binding between  bi-specific antibody and mono-specific antibodies was statistically significant (p value : < 0.01). 
Efficacy of bi-specific antibodies

The efficacy of bi-specific antibodies was analyzed by HIV-1 infected MT4 lymphoblastoid cell culture assay and compared with mono-specific anti HIV-1 protease and anti p24 antibodies individually and in combination.  The bi-specific antibodies reduced the progression of HIV-1 infection by 83.69 % whereas anti HIV-1 protease   antibodies reduced the infection by 62.68 %, anti p24 antibodies reduced the infection by 31.10% and combination of both the mono-specific anti HIV-1 protease and p24 antibodies reduced the infection by 50.36% (Fig 5). 

The efficacy of bi-specific antibody was further analyzed by RT-PCR  for virus copy number and found  to reduce the HIV-1 infectivity by 86% against 63.87 % by monospecific anti protease antibody , 35.42 % monospecific anti p24 antibody and 54.06% by an equimolar pool of monospecific p24 and protease antibodies (Fig 6). Control IgG had no effect on the reduction of HIV-1 infectivity.
The difference in the efficacy of the bispecific antibody against the control IgG, anti HIV-1 protease antibody, anti p24 antibody and equimolar mixture of anti HIV-1 protease and anti p24 antibodies was statistically interpreted and found highly significant with the p value of  <0.001. 

                     A.  Depicted by p24 antigen estimation
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                     B.   % Reduction of HIV-1 infectivity 

                          [image: image6.png]% Reduction of HIV-1 infectivity

w
S

40

% Reduction of HIV-1 infectivity

A

B c1 c2 c3 c4

Antibodies / Controls

Cc5





 Figure 5 :   % Reduction of HIV-1 infectivity.
A: The average ELISA OD for different sets of antibodies and controls 

B: % Reduction of HIV-1 infectivity.

Wherein,

A –  Negative control having MT4 lymphoblastoid cells (2x106 MT4/ ml) without HIV-1 

        infection and antibodies.

B-    Positive control: MT4 lymphoblastoid cells (2x106 MT4/ ml) infected with HIV-1. 

C 1- Bispecific antibodies : MT4 lymphoblastoid cells (2x106 MT4/ ml) infected with HIV-1  

        having bi-specific antibodies.

C 2 -Anti HIV-1 antibodies : MT4 lymphoblastoid cells (2x106 MT4/ ml) infected with HIV-1 

         having anti HIV-1 protease antibodies.

C3 - Anti p24 antibodies : MT4 lymphoblastoid cells (2x106 MT4/ ml) infected with HIV-1   

        having  anti p24 antibodies.

C 4-  Anti HIV-1 protease   antibodies + anti p24 antibodies (equal concentration): MT4 

lymphoblastoid cells (2x106 MT4/ ml) infected with HIV-1 having equal concentration of anti  HIV-1 protease   and anti p24 antibodies. 

C5 -    Normal rabbit IgG:  MT4 lymphoblastoid cells  2x106 MT4/ ml) infected with HIV-1  

           having  normal rabbit IgG for IgG  control. 
A.  Depicted by virus copy number
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Figure  6 :      % Reduction of HIV-1 infectivity by virus copy number.

A: The average virus copy number for different sets of antibodies and controls 

B: % Reduction of HIV-1 infectivity.

Wherein,
A: The average ELISA OD for different sets of antibodies and controls 

B: % Reduction of HIV-1 infectivity.

Wherein,

A –  Negative control having MT4 lymphoblastoid cells (2x106 MT4/ ml) without HIV-1 

        infection and antibodies.

B-    Positive control: MT4 lymphoblastoid cells (2x106 MT4/ ml) infected with HIV-1. 

C 1- Bispecific antibodies : MT4 lymphoblastoid cells (2x106 MT4/ ml) infected with HIV-1  

        having bi-specific antibodies.

C 2 -Anti HIV-1 antibodies : MT4 lymphoblastoid cells (2x106 MT4/ ml) infected with HIV-1 

         having anti HIV-1 protease antibodies.

C3 - Anti p24 antibodies : MT4 lymphoblastoid cells (2x106 MT4/ ml) infected with HIV-1   

        having  anti p24 antibodies.

C 4-  Anti HIV-1 protease   antibodies + anti p24 antibodies (equal concentration): MT4 

lymphoblastoid cells (2x106 MT4/ ml) infected with HIV-1 having equal concentration of anti  HIV-1 protease   and anti p24 antibodies. 

C5 -    Normal rabbit IgG:  MT4 lymphoblastoid cells  2x106 MT4/ ml) infected with HIV-1  

           having  normal rabbit IgG for IgG  control. 
6.   Discussion

The concept of bi-specific antibody (BsAb) was evolved in order to enhance the therapeutic efficacy of antibodies that can target two therapeutic sites simultaneously. The capability of bispecific antibodies to bind two different antigens simultaneously confers potential as targeting agents for therapy and have been successfully used against cancers and other disorders [37-40]. Recent study shows that the individual arms of the BsAbs preserved the binding specificities of the original anti-HIV IgG antibodies and this binding enhanced neutralization compared with the parental antibodies [41,42]. In our study, the bi-specific antibody generated against shared epitope of both the moieties of p24-HIV-1 protease conjugate shows the   effective reduction in the progression of HIV-1 infectivity by blocking and neutralizing the targets, HIV-1 protease and p24, by BsAbs. Here, it was demonstrated that targeting BsAg for shared epitopes can lead to significant reduction in HIV-1 infectivity over targeting monoclonal antibodies against single epitope. The bi-specific antibodies block and neutralize the activity of HIV-1 protease to hydrolyze gag-pol polypeptide into the structural and enzymatic peptide fragments and block p24 by forming immunocomplex to inhibit the formation of HIV-1 structural core. Rabbits were immunized with the conjugate to elicit immune response and were found that p24- HIV-1 protease conjugate induced immune response to both p24 as well as HIV-1 protease. The ELISA titer for p24, HIV-1 protease and p24-HIV-1 protease conjugate was found to an extent of 120000, 100000, and 200000, respectively. IgG was isolated from the sera pool and analyzed for the presence of bi-specific antibodies by sandwich ELISA where it was found reactive to both p24 and HIV-1 protease by forming HIV-1 protease-BsAb-p24 immune complex. The reactivity to both p24 as well as HIV-1 protease, on immunoblots, shows the specificity of BsAb. The affinity of bi-specific antibodies to p24 was 2.5 times more than that of monospecific anti p24 antibodies and 3 times more affinity to HIV-1 protease than that of monospecific anti HIV-1 protease antibodies, indicating that linking two antigen binding site can provide higher efficacy than a mixture with the same number of individual antigen-binding sites. Profect -1 (lipid reagent), which was used to escort the antibodies across the membrane, has no effect on the reduction of HIV infectivity as reflected from its use in negative control. Addition of bispecific antibodies with Profect-1 to the MT4 lymphoblastoid cell culture reduced the progression of HIV-1 infectivity to an extent of 83.69 % (p24 ELISA), 86% ( virus copy number by RT PCR) whereas anti HIV-1 protease antibodies reduced 62.68 % (p24 ELISA), 63.87% ( virus copy number by RT PCR),  anti p24 antibodies reduced 31.1 % (p24 ELISA) 35.42% ( virus copy number by RT PCR) and anti HIV-1 protease : anti p24 (1:1) reduced 50.36% (p24 ELISA) 54.06 % ( virus copy number by RT PCR). Normal rabbit IgG had no inhibitory effect on the progression of the infectivity. Hence, BsAb was found more effective antibody to inhibit the infectivity than the monospecific antibodies and their combination.

 In the present study, the bi-specific antibody to HIV-1 protease and p24 was found to be a potential immunotherapeutic agent for treating HIV-1 which reduces the HIV-1 infectivity to an extent > 83 -86 % in in-vitro cell culture assay. As protein therapeutics are metabolized differently from small-molecule drugs, BsAb can be used as a therapeutic agent either alone or can be combined with antiretroviral drugs and protease inhibitors as per the need and case. The long term treatment with retroviral drugs and protease inhibitors results in toxicity and development of resistance against these drugs, so bispecific antibody-based therapeutics can offer a better option for patients who are resistance to and/or facing severe side effect with HAART. This methodology may also be utilized for the generation of ex-vivo antibodies suitable for therapeutic antibodies not only for HIV but also for tumors and other diseases. 
COMMMENTS

COMMENTS

(1) Background
HIV-1 synthesizes a long polypeptide chain, the gag-pol polypeptide, which is cleaved by its protease into its functional constituent proteins during the final stages of its life cycle. The gag precursor eventually gives rise to structural core protein p24 along with other structural proteins. Thus, HIV-1 specific protease is essential for the functional virus and p24 is essential for the viral capsid to enclose viral RNA.  
The objective of this study was to block the ability of the HIV protease as well as gag p24 to reduce the progression of HIV-1. Although the anti-protease antibodies are reported to be effective in reducing the progression of HIV infection, its efficacy was further enhanced by extending its specificity to gag p24.  Thus, bispecific antibody targeting to both HIV-1 protease as well as  p24 and HIV-1 protease was elicited employing the immunogen of p24-HIV protease conjugate and its efficacy in reduction of the progression of HIV-1 infectivity was studied. The developed bispecific antibody was found significantly higher efficacious than monospecific antibodies to p24 and HIV-1 protease.
(2) Research frontiers

The immunotherapy is really emerging as hot area for the treatment of HIV infection in the following ways.

i. Considering multiple therapeutic targets such as bispecific antibodies

ii. Therapeutic vaccines

iii. T cell Therapy

(3) Innovations and breakthroughs

Employing bispecific antibody targeting two layers of virus formation i.e. Layer -1 : cleavage of gag-pol polypeptide into functional peptides by HIV-1 protease ; Layer – 2: gag p24 structural core protein. By inhibiting double layered targets by the bispecific antibody the study could show the significantly  enhanced  neutralization and reduced progression of HIV-1 infection which could be further explored for better therapy.
(4) Applications

The developed bispecific antibody could be further explored to bring it to the clinic for the specific therapy of HIV-1. As protein therapeutics are metabolized differently from small-molecule drugs, bispecific antibody can be used as a therapeutic agent either alone or in combination with antiretroviral drugs and protease inhibitors as per the need and case. The long term treatment with retroviral drugs and protease inhibitors results in toxicity and development of resistance against these drugs, so bispecific antibody-based therapeutics can offer a better option for patients who are resistance to and/or facing severe side effect with HAART (highly active antiretroviral therapy). This methodology may also be utilized for the generation of ex-vivo antibodies suitable for therapeutic antibodies not only for HIV but also for tumors and other diseases.
(5) Terminology

HAART :      highly active antiretroviral therapy
Immunodepletion   :   Removal of undesired antibodies/proteins by chromatographic techniques.
Bispecific antibody :  Antibodies specific to two different targets

Monospecific antibody :  Antibodies specific to single target.

gag-pol  :  precursor polypeptide for functional proteins of HIV-1 

(6) Peer review

The article was reviewed by our peers and  revised with their feedbacks prior to the submission. Peer reviewers found it a promising tool for the neutralization of HIV-1 and felt that it could be further explored for HIV-1 therapy in clinics.  
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