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[(1-benzenesulfonyl-pyrrolidine-2S-carbonyl)-amino]-4-[4-methyl-2S-(methyl-{2-[4-(3-

o-tolyl-ureido)-phenyl]-acetyl}-amino)-pentanoylamino]-butyric acid; HPLC, high 

pressure liquid chromatography; TFA, trifluoroacetic acid; BSA, bovine serum albumin; 

PBS, phosphate buffered saline; TBS, TRIS buffered saline; HEPES,(N-[2-

hydroxyethyl]piperazine-N’-[4-ethanesulfonic acid]; Tris, 2-amino-2-(hydroxymethyl)-

1,3 propanediol; EDTA, ethylenediaminetetraacetic acid; FACS, fluorescence-activated 

cell sorter; PBLs, peripheral blood lymphocytes; EAE, experimental autoimmune 

encephalomyelitis.  
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Abstract  

Integrin α4β1 plays an important role in inflammatory processes by regulating the 

migration of lymphocytes into inflamed tissues.  Here we evaluated the biochemical, 

pharmacological and pharmacodynamic properties and efficacy in experimental 

autoimmune encephalomyelitis (EAE), a model of Multiple Sclerosis, of two types of 

α4β1 inhibitors, the anti-rat α4 mAb TA-2 and the small molecule inhibitor BIO5192 

(2(S)-{[1-(3,5-Dichloro-benzenesulfonyl)-pyrrolidine-2(S)-carbonyl]-amino}-4-[4-

methyl-2(S)-(methyl-{2-[4-(3-o-tolyl-ureido)-phenyl]-acetyl}-amino)-pentanoylamino]-

butyric acid).  TA-2 has been extensively studied in rats and provides a benchmark for 

assessing function.  BIO5192 is a highly selective and potent (KD of <3 pM) inhibitor of 

α4β1. Dosing regimens were identified for both inhibitors that provided full receptor 

occupancy during the duration of the study.  Both inhibitors induced leukocytosis, an 

effect that was used as a pharmacodynamic marker of activity, and both were efficacious 

in the EAE model.  Treatment with TA-2 caused a decrease in α4 integrin expression on 

the cell surface, which resulted from internalization of α4 integrin / TA-2 complexes.  In 

contrast, BIO5192 did not modulate cell surface α4β1.  Our results with BIO5192 

indicate that α4β7 does not play a role in this model, and that blockade of α4β1 / ligand 

interactions without downmodulation is sufficient for efficacy in rat EAE.  BIO5192 is 

highly selective and binds with high affinity to α4β1 from 4 out of 4 species tested.  

These studies demonstrate that BIO5192, a novel, potent, and selective inhibitor of α4β1 

integrin, will be a valuable reagent for assessing α4β1 biology and may provide a new 

therapeutic for treatment of human inflammatory diseases. 

 

Keywords: α4β1 integrin; mAb TA-2; BIO5192; EAE; Multiple Sclerosis.  
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          Integrins are a large family of cell surface receptors that mediate cell-cell and cell-

matrix interactions and signal transduction.  They exist as non-covalent αβ heterodimers 

of different combinations of α and β chains and share extensive structural homology.  

The leukocyte integrin α4β1 regulates normal lymphocyte trafficking (Lobb and Hemler, 

1994) and provides a key co-stimulatory signal supporting cell activation (Clark and 

Brugge, 1995).  During inflammatory responses, it regulates lymphocyte migration into 

the damaged tissues and thus has been recognized as an attractive therapeutic target.  In 

vivo studies using blocking monoclonal antibodies (Lobb and Hemler, 1994) and 

inhibitory peptides (Molossi et al., 1995) have verified the critical role of α4β1 integrins 

in leukocyte-mediated inflammation.  Numerous EAE models of multiple sclerosis have 

been designed to recapitulate important aspects of the disease and are responsive to α4 

inhibitors (Yednock et al., 1992).  Recent positive phase II data using the anti-α4 

antibody Natalizumab in patients with multiple sclerosis have validated α4β1 as an 

important clinical target (Miller et al., 2003) 

          The anti-rat α4-chain monoclonal antibody, TA-2, has been used extensively to 

study the role of α4 integrins in models of inflammatory disease.  TA-2 blocked α4-

integrin mediated lymphocyte migration to inflammatory sites and homing to lymphoid 

tissues (Issekutz, 1991; Issekutz and Wykretowicz, 1991).  In studies of lung 

inflammation in the Brown Norway rat, TA-2 treatment blocked α4-expressing 

eosinophil and neutrophil migration into the pleural cavity and decreased late airway 

responses in ovalbumin-sensitized and challenged rats, suggesting a use in the treatment 

of asthma (Taylor et al., 1997; Hojo et al., 1998; Schneider et al., 1999; Ramos-Barbon et 

al., 2001).  TA-2 was also used in Lewis rats to probe for α4 / VCAM-1 interactions in 

experimental autoimmune neuritis, a model of Guillain-Barré syndrome, where it reduced 

disease severity and inflammation through a possible block of cell transmigration to the 

damaged nerve (Enders et al., 1998).  A more recent study using TA-2 in this model 
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suggested that at least part of the effect of the antibody was the result of induction of 

apoptosis of P2 specific T-cells (Leussink et al., 2002).  Other studies demonstrated that 

TA-2 blocked blood polymorphonuclear cell migration to the inflamed joint even after 

joint inflammation had developed, proving that an anti-α4 regimen is an effective 

arthritis treatment (Issekutz et al., 1996).  It is not clear whether the mechanism of action 

of mAb TA-2 is solely a consequence of its blocking α4/ligand interactions or other 

mechanisms or both.  While TA-2 is limited to studies in rats, other anti-α4 mAbs have 

been used to further extend the list of potential uses for an inhibitor of α4β1 (Lobb and 

Hemler, 1994).  Because anti-α4 antibodies block both α4β1 and α4β7, it is not possible 

to rule out involvement of α4β7 in these studies.  

          α4β1 mediates cell adhesion by binding to either of two protein ligands, vascular 

cell adhesion molecule-1 (VCAM-1), or the alternatively spliced connecting segment 1 

(CS1)-containing fibronectin variant (Osborn et al., 1989; Wayner et al., 1989).  More 

recently other potential ligands have been identified (Bayless et al., 1998; Takahashi et 

al., 2000); however, the biological significance of these interactions is less clear.  The key 

residues in VCAM-1 (QIDSP) and CS1 (EILDVP) necessary for their interactions with 

α4β1 have been defined by molecular and biochemical techniques (Wayner and Kovach, 

1992; Wang et al., 1995).  Many groups have used these sequences as starting points to 

develop small molecule inhibitors that can block the interaction between α4β1 and its 

ligands (Abraham, 1997; Lin et al., 1999; Kudlacz et al., 2002; van der Laan et al., 2002).  

In studying the selectivity of different classes of α4β1 inhibitors, we identified the small 

molecule inhibitor BIO5192 (2(S)-{[1-(3,5-Dichloro-benzenesulfonyl)-pyrrolidine-2(S)-

carbonyl]-amino}-4-[4-methyl-2(S)-(methyl-{2-[4-(3-o-tolyl-ureido)-phenyl]-acetyl}-

amino)-pentanoylamino]-butyric acid) (Scott 2002, manuscript in preparation).  BIO5192 

was of special interest because of its high affinity for α4β1 under all states of activation, 

high selectivity for α4β1, and slow dissociation rate from the bound complex.  Here we 

compared and contrasted the biochemical, pharmacokinetic and pharmacodynamic 
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properties of BIO5192 and mAb TA-2, and demonstrate that both inhibitors effectively 

block the disease progression in EAE in rats.  The clear distinction in the modes of action 

of the two inhibitors has provided a means for better understanding the role of α4β1 in 

EAE. 

 

Methods 

Cell lines.  The α4β1-expressing human T-cell line, Jurkat (a gift from S. Burakoff, Dana 

Farber Cancer Institute, Boston, MA); and the α4β7-expressing human B-cell line, JY 

and the α4-expressing rat cell line, RBL.1 (American Type Tissue Collection, Rockville, 

MD) were maintained in culture at 37°C in RPMI-1640 medium supplemented with 10% 

fetal bovine serum (FBS).  K562 cell lines transfected with either the human α9-integrin 

chain (Diane Leone, Biogen, Inc) or with the human α2 integrin chain (a gift from M. 

Hemler, Dana Farber Cancer Institute, Boston, MA) were maintained in RPMI-1640 

medium supplemented with 10% FBS and 1 mg/mL G418.  An enriched population of 

the α9-K562 cells that exhibited high levels of α9β1 expression, was obtained by 

fluorescence-activated cell sorter (FACS) sorting and this subclone was used for all 

subsequent work.  All cells were periodically monitored for high integrin surface 

expression by FACS analysis (data not shown).  

Synthesis of α4β1 small molecule inhibitors.  BIO5192 was synthesized as previously 

described (Scott 2002, manuscript in preparation).  BIO8139, an amine-containing 

derivative of BIO5192 that was used for conjugation and the development of assays for 

assessing α4β1 function, was prepared as follows (see scheme below).  14.6 mL (200 

mmol) of SOCl2 was added dropwise over a period of 15 min to a suspension of 8.4 g 

(33.3 mmol) Nα-CBZ-L-2,4-diaminobutyric acid in 200 mL of methanol at 0° C and 

stirred overnight at 23°C.  The solution was concentrated and redissolved in methanol 3 

times, then dissolved in CH2Cl2, concentrated, and placed under high vacuum to give 

10.33 g of the methyl ester.  The crude ester was dissolved in 200 mL CH2Cl2 and 16.2 
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mL (116.6 mmol) triethylamine was added followed by 8.96 g (41 mmol) di-tert-butyl 

dicarbonate.  After stirring at 23 °C for 4 h, the solution was washed once with 1 N HCl, 

once with saturated NaHCO3 solution, and once with saturated NaCl, then dried 

(Na2SO4), filtered and concentrated to give a yellow syrup.  Purification by flash column 

chromatography gave 9.6 g (26.3 mmol, 79%) of t-butoxycarbonyl (BOC) protected 

amine as a colorless syrup.  Then 250 mg of 10% Pd/C was added to the solution of the 

BOC protected amine in 100 mL of methanol and was stirred overnight under 60 psi of 

H2.  The mixture was filtered through a plug of Celite and concentrated.  6.0 g (26 mmol, 

78 % yield) of compound 1 (Νγ-Boc-L-2,4-diaminobutyric acid methyl ester) as a 

colorless oil was recovered, which was used without further purification.  MS: m/z 232 

(M + H+). 
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         To 25 g (0.15 mol) of L-proline methyl ester hydrochloride in 500 mL of CH2Cl2 

was added 70 mL (0.5 mol) of triethylamine.  The resulting white precipitate was 

removed by filtration and the filtrate was cooled to 0Û&�� � ��� P/� � ������ PRO�� RI�

benzenesulfonyl chloride in 50 mL of CH2Cl2 was added to the filtrate dropwise over a 

period of 15 min and stirred overnight at 23 °C.  The solution was washed with 1 N HCl, 

1 NaOH, and saturated NaCl, then dried (MgSO4), filtered, and concentrated to give a 

pale yellow solid.  This material was recrystallized 3 times from ethyl acetate/hexane to 

give 38.2 g (0.142 mol, 95%) of N-(benzenesulfonyl)-proline methyl ester (TLC vs. 2:1 

hexane/ethyl acetate, Rf = 0.35).  The methyl ester was dissolved in 500 mL methanol.  

140 mL (0.28 mol) of freshly-prepared 2 M aqueous LiOH to the solution and was stirred 

at 23°C overnight.  The methanol was removed using a rotary evaporator.  The residue 

was dissolved in 200 mL CH2Cl2 acidified with 1 N HCl.  The phases were separated and 

the aqueous layer was extracted again with CH2Cl2.  The organic phases were combined, 

washed with saturated NaCl, dried (MgSO4), and concentrated to provide a white solid.  

The solid was recrystallized twice from ethyl acetate/hexane to give 34.7 g (0.136 mole, 

96%) of compound 2 (N-benzenesulfonylproline). MS:  M/z = 256.2 (M + H+). 

          To a solution of 62 mg (0.27 mmol) of compound 1 and 77 mg (0.30 mmol) of 

compound 2 in 3 mL of dimethyl formamide (DMF) was added 137 mg (0.36 mmol) of 

O - (7-Azabenzotriazol-1-yl)-N,N,N’,N’-tetramethyluronium hexafluorophosphate 

(HATU), followed by 175 µL (1.0 mmol) of diisopropylethylamine to give a yellow 
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solution.  After stirring at 23°C for 2 h, the solution was diluted with ethyl acetate, 

washed with 1 N HCl, then with 1 N NaOH, followed by a wash with saturated NaCl, and 

dried using Na2SO4.  The filtered solution was concentrated by vacuum to give 128 mg of 

Compound 3 (2(S)-{[1-Benzenesulfonyl-pyrrolidine-2(S)-carbonyl]-amino}-4-tert-

butoxycarbonylamino-butyric acid methyl ester) as a yellow oil, which was used without 

further purification.  MS:  m/z 470 (M + H+), 370 (M – BOC + H+).  75 mg (0.16 mmol) 

of compound 3 was dissolved in 3 mL CH2Cl2 and 1 mL of trifluoroacetic acid was 

added.  After stirring for 2 h at 23°C, the solution was concentrated in CH2Cl2 3 times, 

and then dissolved in 2 mL of DMF.  56 mg (0.14 mmol) of amino acid 5 (Boc-N-Me-

Lys(Z)-OH.DCHA (BACHEM, cat# A-3690)), 64 mg (0.17 mmol) of HATU, and 175 

µL (1.0 mmol) of diisopropylethylamine were added to give a yellow solution.  This 

mixture was stirred for 4 h at 23°C, then diluted with ethyl acetate, washed with 1 N HCl, 

1 N NaOH, then with saturated NaCl and dried (Na2SO4).  The filtered solution was 

concentrated by vacuum to give 100 mg (0.13 mmol, 96 %) of compound 4 (2(S)-{[1-

Benzenesulfonyl-pyrrolidine-2(S)-carbonyl]-amino}-4-[6-benzyloxycarbonylamino-2(S)-

(tert-butoxycarbonyl-methyl-amino)-hexanoylamino]-butyric acid methyl ester) as a 

yellow oil, which was used without further purification.  MS:  m/z 746 (M + H+), 646 (M 

- BOC + H+).  100 mg (0.13 mmol) of compound 4 was dissolved in 3 mL of CH2Cl2, a 1 

mL aliquot of trifluoroacetic acid was added with stirring.  After 2 h, the solution was 

redissolved in CH2Cl2 and concentrated 3 times, then dissolved in 3 mL of DMF.  43 mg 

(0.15 mmol) of o-Methyl tolyl-ureido-phenyl-acetic acid (PUPA)-OH, 64 mg (0.17 

mmol) of HATU, and 175 µL (1.0 mmol) of diisopropylethylamine were added to give a 

yellow solution.  After stirring at 23°C for 4 h, the solution was diluted with ethyl acetate 

and processed as described above for compound 4 to give a yellow foamy solid.  

Chromatography in (2:1 CH2Cl2 / acetonitrile, then 1:1 CH2Cl2 / acetonitrile, then 5% 

methanol in CH2Cl2 vs. SiO2) was performed to give 83 mg (0.09 mmol, 65%) of 

compound 6 (2(S)-[(1-Benzenesulfonyl-pyrrolidine-2(S)-carbonyl)-amino]-4-[6-
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benzyloxycarbonylamino-2(S)-(methyl-{2-[4-(3-o-tolyl-ureido)-phenyl]-acetyl}-amino)-

hexanoylamino]-butyric acid methyl ester) (Rf = 0.17 in 1:1 CH2Cl2 / acetonitrile).  MS:  

m/z 912 (M + H+).  83 mg (0.09 mmol) of compound 6 was hydrogenated as above for 

compound 1.  The resulting solid was dissolved in 2 mL of DMF, and then 21 mg (0.09 

mmol) of 6-(BOC-amino) caproic acid, 41 mg (0.11 mmol) of HATU, and 175 µL (1.0 

mmol) of diisopropylethylamine were added.  After stirring for 2 h at 23°C, the solution 

was diluted with ethyl acetate and processed as for compound 4.  52 mg (0.05 mmol, 

60%) of compound 6a (2(S)-[(1-Benzenesulfonyl-pyrrolidine-2 (S)-carbonyl)-amino]-4-

[6-(6-tert-butoxycarbonylamino-hexanoylamino)-2(S)-(methyl-{2-[4-(3-o-tolyl-ureido)-

phenyl]-acetyl}-amino)-hexanoylamino]-butyric acid methyl ester) was recovered as a 

yellow solid that was used without further purification.  MS:  m/z 991 (M + H+), 891 (M 

– BOC + H+). 

            To 52 mg (0.05 mmol) of compound 6a in 3 mL of methanol, 265 µL (0.53 

mmol) of 2 N LiOH was added while stirring.  After 2 h, the solution was redissolved in 

acetone and concentrated.  The residue was dissolved in 2 mL CH2Cl2.  2 mL of 

trifluoroacetic acid was added.  The sample was stirred for 90 min at 23°C, and then 

concentrated.  The residue was dissolved in minimal methanol and purified by reverse-

phase high pressure liquid chromatography (5 to 95% acetonitrile in water with 0.1% 

trifluoroacetic acid) to give 26 mg (0.026 mmol, 50%) of compound 6b (4-[6-(6-Amino-

hexanoylamino)-2(S)-(methyl-{2-[4-(3-o-tolyl-ureido)-phenyl]-acetyl}-amino)-

hexanoylamino]-2(S)-[(1-benzenesulfonyl-pyrrolidine-2(S)-carbonyl)-amino]-butyric 

acid ) (BIO8139) as a white solid.  MS:  m/z 878 (M + H+). 

Cell Adhesion Assays.  The ability of BIO5192 to block α2β1 / collagen I and α9β1 / 

VCAM-1 interactions were evaluated in  cell adhesion assays.  Collagen I and VCAM-1 

were immobilized onto a 96-well Corning Easy Wash plate (Corning Cat. No. 25801).  

Human integrin-expressing cell lines (2 x 105/well) were labeled with a fluorescent 

compound, 2µM BCECF-AM (Molecular Probes, Eugene, OR, Cat# B1150), and added 
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plus or minus BIO5192.  After 30 min, the plates were washed, and bound cells 

quantified in a Cytofluor fluorescence platereader.  The assay buffer was TRIS-buffered 

saline (TBS: 24 mM TRIS, 137 mM NaCl, 2.7 mM KCl, 2 mM glucose, 0.1% BSA, pH 

7.4), containing 1 mM MnCl2.  The specificity of binding was controlled for using 

integrin-specific neutralizing monoclonals.  The antibodies were run at 10 µg/mL on each 

day of assay and were as follows: anti-α4β1, mAb HP1/2 (Biogen), anti-α2β1, mAb 

26G8 (Biogen) and α9β1-mAb Y9A2 (Chemicon).  

Expression and purification of VCAM-Ig and Direct Binding Assay Protocol.  

Details for the construction of the VCAM-Ig animal cell expression vector, the 

generation of a Chinese hamster ovary (CHO) cell line expressing VCAM-Ig, 

conjugation of the VCAM-Ig to alkaline phosphatase, and the development of a direct 

binding assay for characterizing α4β1 and α4β7 binding to VCAM-Ig were as previously 

described (Lobb et al., 1995). 

The αIIbβ3-fibrinogen platelet aggregation assay.  50 mL of whole blood was 

collected into 10 mL vacutainer tubes containing 1 mL of 3.8% sodium citrate.  The 

citrate-treated blood was centrifuged for 5 min at 200 g and the platelet rich plasma was 

collected.  Platelet poor plasma was prepared by centrifuging the remaining blood 

specimen at 1500 g for 15 min. The platelet count in the platelet rich plasma was adjusted 

to 2 x 108 platelets/mL using the platelet poor plasma.  A Biodata 4-channel platelet 

aggregation profiler (PAP-4; Biodata Corp., Hatboro, PA) was blanked using a cuvette 

containing only platelet poor plasma.  Compounds in TBS containing 1 mM MnCl2 

(TBS-Mn) were tested at 100 µM concentration.  350 µL of platelet rich plasma plus 100 

µL of compound were added to cuvettes containing stir bars and placed into the 

aggregometer.  To start aggregation, 50 µL of freshly made ADP at 2 x 10-4 M was added 

to each cuvette.  A TBS-Mn control was run with each set of test samples.  A 4 min 

aggregation tracing was generated for each sample and percent aggregation was 
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calculated by the profiler.  A positive control, 100 µM of the RGD-containing peptide 

GRGDSP (Sigma), was run on each day. 

LIBS assay.  LIBS induction by BIO5192 was assessed in vitro by an adhesion assay.  

Corning EasyWash 96-well plates were coated overnight at 4°C with the LIBS-

recognizing mAb 9EG7 (BD Pharmingen #09351D) (10µg/mL) in phosphate buffered 

saline (PBS).  The next day, plates were washed with PBS and blocked with 0.1% BSA 

in PBS for 1 h at 23°C.  Jurkat cells (1 x 105/well) were labeled with Calcein (Molecular 

Probes) at 37°C for 20 min in TBS, containing 2 mM MgCl2 (Mg+2-TBS) and washed 

twice.  Calcein-labeled Jurkat cells were added to wells either in Mg+2-TBS or with serial 

dilutions of BIO5192 in Mg+2-TBS.  The plate was incubated for 30 min at 23°C.  Then 

the plates were washed three times with Mg+2-TBS to remove unbound cells.  The 

fluorescent cells that bound to mAb 9EG7 were analyzed by a Cytofluor fluorescence 

platereader.  Data reductions were done using Microsoft Excel 98. 

Isolation of Peripheral Blood Lymphocytes (PBLs).  Rat venous blood was collected 

in sodium citrate and centrifuged at 200 g for 5 min. The platelet-rich plasma was 

discarded.  The cell pellet was diluted 1:1 with Dulbecco’s PBS without Ca2+ and Mg2+ 

(Sigma), layered onto Ficoll-Hypaque solution (Pharmacia, Inc.) and subjected to 

centrifugation at 900 g for 20 min.  The mononuclear cell layer at the plasma-Ficoll 

interface was collected.  The cells were washed twice with RPMI 1640 medium 

containing 10% FBS (RPMI/10), with each step followed by centrifugation.  The washed 

PBLs were resuspended in TBS-Mn. 

Isolation of Splenocytes.  Spleens were dissected from 240 g Lewis rats and gently 

forced through a 100 µm mesh screen.  Connective tissue was excluded from the cell 

suspension by the screen and the resulting splenocytes were suspended in RPMI/10 

medium.  The cells were washed twice in RPMI/10 with each wash followed by a 

centrifugation step.  Residual red blood cells in the splenocyte suspension were excluded 

from the cell count.  1.8 x 109 splenocytes were obtained from a single spleen.  
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BIO8139-biotin occupancy FACS assay.  Splenocytes were isolated from control rats or 

from rats treated with BIO5192 (30mg/kg, s.c.) or TA-2 (2.5 mg/kg, i.v.) as described 

above.  Control rat splenocytes were incubated at 23°C for 15 min with a titration of 

either BIO5192 or TA-2 and washed twice with TBS-Mn with a centrifugation step 

between each wash.  The samples were then incubated with 20 nM BIO8139-biotin at 

23°C for 15 min, washed twice with TBS-Mn, treated with a 1:500 dilution of 

Streptavidin-PE (Jackson ImmunoResearch # 016-110-084) for 15 min at 23°C, and 

again washed twice.  The samples were resuspended in 200 µL of assay buffer and 

analyzed by FACS.  BIO8139-biotin was generated by reacting BIO8139 with biotin-

PEG-CO2-NHS, MW 3.4 kDa (Shearwater Polymers, Inc.) and separating the modified 

BIO8139 from unmodified by size exclusion-HPLC on a Superdex peptide column 

(Amersham Pharmacia Biotech).  Where indicated in the text, this assay was replaced 

with a simpler version where BIO8139 was directly conjugated to the PE. 

Monitoring α4β1 levels on PBLs and splenocytes by FACS analysis.  Female Lewis 

rats were injected with a single dose of TA-2 (2.5 mg/kg i.v. in PBS) or with PBS at 0 h, 

or two doses of BIO5192 (30 mg/kg, s.c. in TRIS / lactose) or vehicle at 0 h and 24 h.  

The animals were sacrificed at 48 h.  PBLs and splenocytes were isolated as described.  

BIO8139-PE (10 nM), or TA-2 (10 µg/mL) followed by goat anti-mouse-PE, were added 

to the test samples and the cells were analyzed by FACS for the presence of cell surface 

α4β1 integrin.  In a separate experiment, samples were examined by FACS to determine 

the specific cell types present.  The cells were analyzed using rat markers for T cells, 

CD3 (Pharmingen # 22014D), and B cells, CD45R (Pharmingen # 22164D), and their 

isotype-matched controls, IgG2b (Pharmingen # 03044C), and IgG3 (Pharmingen # 

03064C). 

          PE-labeled BIO8139 was prepared as follows.  200 µL of 2.5 mM BIO8139, 5 mM 

succinimidyl-4-[N-maleimidomethyl]-cyclohexane-1-carboxylate sulfo-SMCC (Pierce), 

100 mM HEPES pH 7.5 in 90% DMSO/10% water was incubated at 23°C for 4 h.  
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Ethanolamine was added to 20 mM final to quench any further reaction and the 

BIO8139-SMCC conjugate was stored at -70°C for subsequent use. R-phycoerythrin 

pyridylsulfide derivative (2 mg/mL, 1.8 pyridylsulfide residues/PE) was obtained from 

Molecular Probes.  3 mL of the PE-derivative was incubated with 10 mM DTT for 30 

min at 23°C and desalted on a 35 mL G25M column in 5 mM MES pH 5.5, 100 mM 

NaCl.  The PE elution peak was collected visually and quantified by absorbance at 280 

nm.  3.7 mL of 5 µM PE was treated with 20 µL of BIO8139-SMCC (10 µM final) and 

0.3 mL of 0.5 M MES pH 6.5.  The sample was incubated at 23°C for 2 h, then N-

ethylmaleimide (Pierce) was added to 60 µM and the sample incubated further for 20 

min.  The sample was desalted on a 35 mL G25M column in 10 mM HEPES pH 7.5, 150 

mM NaCl.  The PE-BIO8139 conjugate was filtered through a 0.2 µm filter and stored at 

4°C.  Batches were analyzed for relative potency by measuring dose-dependent staining 

on Jurkat cells by FACS analysis.  Conjugates stored at 4°C were stable for about 2 

months. 

Assessing PK Properties of BIO5192 and TA-2 in Lewis rats.  Female Lewis rats, two 

per route of administration, received BIO5192 30 mg/kg, s.c. or 1 mg/kg, i.v., or TA-2 at 

3 mg/kg, i.v.. Blood samples (250 µL/bleed) were obtained at specific timepoints after 

administration.  For TA-2, blood samples were drawn at 0, 1, 2, 6, 8, 10, and 14 days.  

Serum samples were analyzed for TA-2 levels by ELISA.  For BIO5192, blood samples 

were drawn at 0, 2, 6, 24, and 48 h.  Serum samples were analyzed for BIO5192 levels 

using mass spectrometry.  PK parameters were calculated from the mass spectrometry 

data by noncompartmental analysis.  PK parameters include CMAX (maximum serum 

concentration), tMAX (time to achieve maximum serum concentration), CL (systemic 

clearance), Vss (volume of distribution at steady state), t1/2 (terminal phase half-life), and 

bioavailability.  Area under the curve (AUC) was calculated using the trapezoidal rule.  

Percent bioavailability was calculated from the following equation: 

(AUCextravascular/AUCIV) x (DoseIV/Doseextravascular) x 100.  For analysis of BIO5192 levels 
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in serum by mass spectrometry, 100 µL serum samples were extracted into methyl tert-

butyl ether and spiked with an internal standard.  Mass spectroscopy was performed on a 

Sciex API365 Triple Quadrupole Mass Spectrometer with a TurboIonSpray interface.  

The assay LOQ was 2 ng/mL. 

          TA-2 levels in serum were measured using a sandwich ELISA.  Costar 96-well 

EasyWash plates (Corning Inc., Corning, NY) were coated overnight at 4°C with 5 

µg/mL (50 µL/well) of anti-AffiniPure goat-anti mouse IgG Fc fragment (Jackson 

ImmunoResearch Labs) in 50 mM sodium bicarbonate pH 9.2.  All subsequent 

manipulations were performed at room temperature.  The plates were blocked for 30 min 

with 200 µL/well 1% BSA (Sigma, Cat. No. A-7030) in 10 mM Tris-HCl pH 7.5, 150 

mM NaCl, 0.05% Tween-20, 0.01% thimerosal, and washed 3 times with TBS (50 mM 

Tris-HCl pH 7.5, 150 mM NaCl).  The wells were then treated for 1 h with serial 

dilutions of PK samples or of the appropriate dosing solution standards (50 µL/well) 

diluted in blocking buffer plus 1% rat plasma.  The plates were washed three times and 

incubated for 1 h with 50 µL/well of goat anti-mouse IgG1-alkaline phosphatase 

(Southern Biotechnology Associates, Inc, Cat No. 1070-04) at a 1:2000 dilution in 

blocking buffer plus 1% rat plasma (100 µL/well).  The plates were again washed 3 

times, incubated for 1 h with 5 mg/mL 4-nitrophenyl phosphate in 100 mM glycine pH 

10.5, 1 mM ZnCl2, 1 mM MgCl2, and read at 405 nm on a Molecular Devices Thermo 

Max microplate reader.  Each sample was analyzed in duplicate and three animals were 

analyzed per time point.  TA-2 concentrations were calculated by interpolation from a 

standard curve. 

Assessing lymphocyte counts and subtypes following inhibitor treatments.  Female 

Lewis rats were injected with a single dose of either TA-2 (2.5 mg/kg, i.v. in PBS), or 

BIO5192 (30 mg/kg, s.c., in TRIS / lactose) or with their respective vehicles at time 0.  

At each timepoint, 0.3 mL blood from triplicate animals was drawn from the jugular vein 

without anesthesia using indwelling catheters and collected into Capiject purple-top 
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microtainer tubes containing EDTA (Terumo Medical Corporation #T-MQK).  Plasma 

samples were analyzed for lymphocyte count using an Abbott CellDyn 3500 cell 

analyzer.  Blood samples from the TA-2-treated animals were drawn on days 1, 2, 4, 6, 8, 

10, and 14 and for the BIO5192-treated animals after 2, 6, 24, and 48 h.   

Rat EAE model.  Healthy female Lewis rats weighing 150 g were obtained from Harlan 

Sprague Dawley and housed in ventilated cage racks and allowed food and water ad 

libitum.  At approximately 9 weeks of age animals were immunized with an emulsion of 

Guinea pig Mylein Basic Protein (MBP) peptide in complete Freund’s adjuvant.  MBP 

peptide sequence of GPMBPYGSLPQKSQRSDENPV (amino acid residues 68-86), 100 

ug/mL in PBS, was diluted with an equal volume of incomplete Freund’s adjuvant.  

Before emulsification, ground Mycobacterium tuberculosis was added to 4 mg/mL. 

Animals were anesthetized with isoflurane and immunized with a single footpad injection 

of 100 µL of the emulsion.  Animal body weights, and observations for signs of paralysis 

starting on day 7 post immunization, were collected daily.  Each treatment group 

contained 13 animals.  BIO5192 was administered at 30 mg/kg in TRIS/lactose, s.c., 

BID, during days 5-14.  Untreated rats and TRIS/Lactose vehicle-treated controls were 

also monitored.  For TA-2 treatment, rats were injected i.v. on day 9 and day 13 with TA-

2 (2.5 mg/kg).  The following grading system was used to quantify disease severity: 0.5 = 

half of tail limp; 1.0 = whole tail limp; 1.5 = whole tail limp with a small amount of gait 

disruption; 2.0 = hind limb weakness (waddling gait or one dragging leg); 2.5 = hind limb 

weakness (one dragging leg with a small amount of loss of motile function in opposite 

leg); 3.0 = hind limb paralysis (both legs dragging; some slight hind limb movement); 3.5 

= hind limb paralysis (both legs dragging with a small amount of forelimb weakness); 4.0 

= hind limb and front limb paralysis  (sufficient to prevent movement); 5.0 = moribund or 

death.  Statistical significance of differences in severity of disease (peak height) and day 

of peak disease score (peak day) were assessed using a one-way analysis of variance 

followed by Fisher's Protected Least Significant Difference test for multiple comparisons 
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among means.  P-values of less than 0.05 were taken to be statistically significant.  All 

procedures using animals were conducted in accordance with the NIH Guide for the Care 

and Use of Laboratory Animals and approved by the Institutional Animal Care and Use 

Committee. 

Assessing α4β1 expression by Confocal Microscopy.  TA-2 and BIO8139 were 

conjugated with AlexaFluor594 (Molecular Probes Inc., Eugene, OR) following the 

manufacturer’s instructions.  The BIO8139-Alexa594 conjugate was generated by first 

reacting BIO8139 with NHS-PEG-maleamide 2.4 K (Shearwater Polymers), then treating 

the BIO8139-PEG with sonic hedgehog (Shh) protein that contains a single thiol for 

modification, and finally reacting the BIO8139-PEG-Shh with Alexa594.  RBL.1, cells 

were incubated with TA-2-Alexa594 (10 µg/mL) or BIO8139-Alexa594 (50 nM) for 30 

min at 4°C.  The cells (100,000 cells/well) were plated onto a 96-well flat bottom plate in 

Earle’s minimal essential medium, 10% FBS, 1 mM sodium pyruvate and further 

incubated with the inhibitors at 37ºC for either 0 or 48 h.  The cells were washed and 

fixed in 2% paraformaldehyde (PFA) at designated timepoints.  Freshly isolated rat 

splenocytes were incubated with unlabeled TA-2.  Splenocytes were washed and fixed in 

2% PFA following 0, 4, 24 and 48 h of continual TA-2 treatment at 37°C.  Cell 

suspensions were permeabilized using the Cytoperm/cytofix kit (Pharmingen) and 

incubated with goat anti-mouse-Alexa 594.  The cells were placed onto slides with 

coverslips and fluorescence detection of the Alexa594-labeled complex α4β1/ inhibitor 

was analyzed by confocal laser scanning microscopy using a Leica TCS SP confocal 

microscope equipped with a krypton/argon/helium/neon laser (Leica Lasertechnik 

GmbH, Heidelberg, Germany).  For Alexa594 staining, red channel (600-700 nm range) 

images were collected from the center of representative cells showing intact cell 

membranes. 
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Results  

Characterization of the biochemical properties of BIO5192.  The small molecule 

inhibitor, BIO5192 was identified as a potent inhibitor of α4β1 (KD < 10 pM) from a 

structure-activity relationship analysis of α4β1 inhibitors (Scott 2002, manuscript in 

preparation).  The high affinity for α4β1 results from an extremely slow dissociation rate 

of the inhibitor from the integrin / inhibitor complex, with a dissociation half-life of > 12 

h for both the unactivated and activated integrin.  The following studies were performed 

to further characterize the properties of BIO5192.  First, the selectivity of BIO5192 for 

α4β1 was evaluated by assessing the binding of BIO5192 to cells expressing α4β7, 

α9β1, α2β1 and αIIbβ3 (Table 1).  BIO5192 was highly selective for α4β1.  The affinity 

of BIO5192 for α4β1 was 500-1000 fold higher than for the related integrin, α4β7, 

which shares many of the same ligands as α4β1.  The inhibitor bound even less tightly to 

α9β1, α2β1, and αIIBβ3 (Table 1).  A low but significant level (KD = 140 nM) of 

binding was seen on α9β1 integrin in buffer containing 1 mM Mn2+.  The large 

discrepancy in the binding constants calculated from the adhesion assay shown in Table 1 

(IC50= 1.8 nM) and from the kinetic data (KD < 10 pM) (Scott, 2002, manuscript in 

preparation) arise because the affinity constant of BIO5192 for α4β1 is lower than the 

concentration of α4β1 in the binding assay.  Consequently, the IC50 data reflect the 

concentration of α4β1 in the adhesion assay and not the affinity of BIO5192 for α4β1, as 

discussed elsewhere (Pepinsky et al., 2002). 

            Second, the effects of protein binding on the affinity of BIO5192 for α4β1 were 

evaluated in vitro by kinetic measurements using a radiolabeled analog of BIO5192, 

[35S]BIO7662 (Chen et al., 2001).  Fig. 1A shows association curves for the binding of 

[35S]BIO7662 to Jurkat cells (α4β1 positive) in TBS buffer containing 1 mM Ca2+ and 1 

mM Mg2+ alone, and in the same buffer with increasing amounts of plasma.  The 

association rate for BIO7662 binding to α4β1 decreased with increasing plasma 

concentrations.  This effect was caused by non-specific binding of [35S]BIO7662 to 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on March 6, 2003 as DOI: 10.1124/jpet.102.047332

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


19 

 

serum albumin and can be mimicked by incubating samples with the corresponding 

concentration of albumin (data not shown).  As the amount of plasma was increased from 

20% to 100%, the effective concentration of [35S]BIO7662 diminished, causing a decline 

in the association rate for the binding of BIO7662 to α4β1. Plasma binding had no effect 

on the dissociation rate constant for the release of [35S]BIO7662 from 

α4β1/[35S]BIO7662 complexes (data not shown).  Although protein binding in general 

reduces the effective concentration of a compound, for tight binding inhibitors such as 

BIO5192 a slow off-rate drives the binding equilibrium towards the occupied state and 

therefore in part compensates for the apparent loss in concentration due to protein 

binding. 

          Third, the ability of BIO5192 to recognize α4β1 from different species was tested 

by using kinetic measurements to calculate affinity constants.  On and off rate 

measurements for binding and dissociation of [35S]BIO7662 for human, rat and mouse 

cells were similar.  Fig. 1B shows the dissociation curves for the binding of 

[35S]BIO7662 from α4β1 on human Jurkat, rat RBL.1 and mouse 70Z3 cells in buffer 

containing 1 mM Ca2+, 1 mM Mg2+.  The α4β1 receptors from the three species all 

remained 90% saturated with [35S]BIO7662 at 120 min, demonstrating a slow 

dissociation rate.  Off rates of ≤ 0.19 x 10-4s-1 were calculated from the dissociation data.  

Binding in the presence of 1 mM Mn2+ changed the α4β1 integrin to a higher activation 

state (Chen et al., 2001).  The dissociation of [35S]BIO7662 from α4β1 in the presence of 

1 mM Mn2+ was too slow to allow determination of an accurate koff, but extrapolation 

from the available data suggests a half-life for dissociation of at least 16 h, corresponding 

to a koff ≤ 0.11 x 10-4 s-1 (data not shown).  Since kon = 1.9 x 106 M-1s-1 for the binding of 

BIO7662 to the unactivated integrin, the resulting KD that was calculated from kon and 

koff is 10 pM or less for rat, mouse, and human α4β1. 

          Fourth, the ability of BIO5192 binding to induce expression of LIBS epitopes was 

evaluated.  Ligand binding induces a cascade of conformational changes within the 
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integrin that has been studied in detail using mAbs whose epitopes are either exposed 

(termed LIBS: also referred to as CLIBS due to modulation of the epitope by cations) or 

lost following ligand binding (Humphries, 1996; Newham et al., 1998).  Mab 9EG7 

recognizes and binds to exposed epitopes on the β1 chain of α4β1 that are presented 

when the ligand binding site is occupied.  BIO5192 induced binding of 9EG7 with an 

EC50 of approximately 0.3 nM indicating that BIO5192 is a LIBS inducer.  The EC50 for 

BIO5192 LIBS induction (Fig. 2) and the nM potency in the binding assay were similar. 

In vivo measurements of the binding of BIO5192 to rat lymphocytes.  In order to 

compare the treatment effects of BIO5192 and TA-2, in a rat EAE model, the PK and PD 

properties of the two inhibitors were evaluated to select appropriate dosing regimens.  

First, the binding of BIO5192 and TA-2 to α4β1 was measured on freshly isolated rat 

peripheral blood lymphocytes (PBLs).  These titration curves are shown in Fig. 3A.  The 

binding of BIO5192 and TA-2 on PBLs was dose-dependent and saturable; TA-2 had a 2-

3 fold higher apparent binding affinity.  The binding of BIO5192 to isolated rat 

splenocytes is shown in Fig. 3B.  The binding is dose-dependent and saturable with an 

IC50 of 1 nM.  

The in vivo time course of receptor occupancy was studied using rat splenocytes 

ex vivo to characterize binding.  Fig. 3C shows the results from a study in which female 

Lewis rats were treated with a single dose of BIO5192 at 30 mg/kg, s.c., at T=0 min and 

splenocytes were harvested at 24, 48 and 72 h and assayed for receptor occupancy.  At 24 

h, all α4β1 receptors were occupied by BIO5192.  After 48 h, 50% remain occupied, and 

at 72 h, less than 40% were occupied.  Blood levels of BIO5192 in these animals as 

measured by mass spectroscopy were 180 ng/mL at 24 h, but were below limits of 

detection (≤ 2 ng/ml) at 48 and 72 h.  These data demonstrate that BIO5192 remains 

bound to the α4β1 receptor even in the absence of circulating plasma levels of 

compound, and suggest that the slow off-rate for BIO5192 that was observed in vitro also 

occurs in vivo.  This hypothesis was supported by leukocytosis data that was routinely 
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used as an in vivo PD marker for receptor occupancy (see below).  

Pharmacokinetics of BIO5192 and TA-2 in female Lewis rats.  The pharmacokinetic 

properties of BIO5192 were evaluated by noncompartmental analysis following i.v. or 

s.c. administration in female Lewis rats (Fig. 4).  BIO5192, dosed at 1 mg/kg i.v., showed 

a multiexponential disposition with a rapid initial decline followed by a less steep 

terminal phase.  The terminal half-life was 1.1 h.  Prolonged exposure was observed 

following s.c. administration.  Dose-dependent increases in available drug were observed 

with CMAX occurring from 30 to 60 min in all treatment groups.  Half-lives of 1.7, 2.7, 

and 4.7 h were observed for the 3, 10 and 30 mg/kg s.c. doses, respectively.  The blood 

plasma curves show that the AUC for the s.c. route of administration increased about 2.5-

fold from 5460 h x ng/mL for the 3 mg/kg dose to 14175 h x ng/mL for the 30 mg/kg 

dose.  Following the 30 mg/kg, s.c. dosing, blood levels of > 100 ng/mL were maintained 

for over 24h and consequently, once a day dosing at 30 mg/kg was chosen for all 

subsequent studies.  The increase in the half-life of BIO5192 at the 30 mg/kg dose 

relative to the half-life at lower doses is the result of a depot effect.  At this high dose, 

dissolution of the BIO5192 results in a slow release of the compound into the 

bloodstream. 

          TA-2 was administered i.v to rats at 2.5 mg/kg. for determination of half-life (Fig. 

5).  Levels of antibody of > 2 µg/mL were observed for 7 days.  Based on the data, a t1/2 

of two days was calculated. 

Comparative Pharmacodynamics of BIO5192 and TA-2 in rats.  Administration of 

BIO5192 and TA-2 to rats produced a lymphocytosis that was sustained as long as 

sufficient concentrations of the inhibitors were maintained in circulation to provide >90% 

of α4β1 receptors occupied.  Fig. 5A shows lymphocytosis induced in vivo by TA-2 

treatment.  A 3-4 fold increase in lymphocyte levels was observed.  The maximal level of 

induction was reached at the earliest time point tested, after 24 h.  Elevated lymphocyte 

levels were maintained for 6 days with the half maximum occurring on day 7.  The 
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elimination half-life of TA-2 is 2 days.  The biological effect of the TA-2 antibody was 

clearly associated with its PK.  At 7 days the TA-2 blood level had dropped to 2 µg/mL, 

and by 8 days there was no detectable TA-2 in the blood. 

          During the analysis of the lymphocyte levels, circulating differential white blood 

cell counts were examined from three animals on day 1 and day 10 following TA-2 

treatment.  Lymphocyte levels increased from a baseline of 6800 ± 300 to 18,400 ± 400 / 

µL(mean ± s.e.m.) on day 1 and returned to baseline on day 10.  Basophil levels 

increased to 50 ± 20 / µL on day 1 and returned to normal levels of 8 ± 1 / µL by day 10. 

Levels of neutrophils (600 +/- 40/µL, day 1; 900 +/- 70/µL, day 10), monocytes (300 +/- 

50/µL, day 1; 300 +/- 20/µL, day 10), and eosinophils (20 +/- 2/µL, day 1; 40 +/- 10/µL, 

day 10) did not change in response to TA-2 treatment.   

Fig. 5B shows the pharmacodynamic effect of BIO5192.  The lymphocyte count rose 

about 1.5-fold after 24 h of drug treatment.  Half as many cells were released into the 

circulation following BIO5192 treatment as when TA-2 was given.  The transient 

leukocytosis was sustained for 30 h.  The observed t1/2 of BIO5192 is approximately 12 h.  

While the PK data would suggest that lymphocytosis should have been reversed at an 

earlier time, the receptor occupancy study described above showed that BIO5192 remains 

bound to 100% of the α4β1 receptors for 24 h and 50% bound for 48 h, even in the 

absence of compound plasma levels.  These data demonstrate that BIO5192’s slow 

dissociation rate and prolonged receptor occupancy is associated with a biological 

activity that occurs in the absence of compound plasma levels.   

TA-2 and BIO5192 treatments delay paralysis associated with EAE.  EAE was 

induced in female Lewis rats with Myelin Basic Protein (MBP) peptide.  The timecourse 

for EAE is shown in Fig. 6.  The effects of the MBP treatment on the paralytic score were 

monitored from day 8 to day 26.  The earliest onset of paralysis in the no treatment and 

TRIS/lactose vehicle control groups occurred on day 9 followed by a peak of disease 

between days 12-13 with a paralytic score of 3.  The disease resolved to a baseline 
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paralysis score of 0 by day 18.  There was a decrease in body weight during the course of 

the disease and a return to normal following the resolution of EAE.  TA-2 treatment 

following injections on days 9 and 13 (2.5 mg/kg, i.v.) resulted in a 3-4 day delay in 

onset of the disease and a decrease in total disease severity.  With a half-life of 2 days, we 

expected that sufficient blood levels of TA-2 would last 7 days and therefore that dosing 

on days 9 and 13 would be an effective treatment regimen.  This result is evident from the 

plotted data.  Rats treated with BIO5192 (30 mg/kg, sc) also show a 3 day delay in onset 

of disease when dosed BID  (Fig. 6), and a 1-2 day shift when dosed QD (data not 

shown) as compared to the control groups.  The delay in onset of the disease in the 

BIO5192 treatment group is consistent with the finding that bound BIO5192 will occupy 

α4β1 long beyond the point at which the BIO5192 is no longer detected in blood.  Once 

BIO5192 is released, EAE underwent its normal disease progression.  The disease in rats 

from both the TA-2 and BIO5192 treatment groups reached a paralytic score of 2.0, 

indicating that both inhibitors delayed the onset and decreased the severity of the disease. 

          The statistical significance of differences in severity of disease (peak height) and 

day of peak disease score (peak day) were assessed using a one-way analysis of variance 

followed by Fisher’s Protected Least Significant Difference test.  In a comparison of the 

day of peak disease for treated versus controls, p values of < 0.0001 were obtained for 

BIO5192 treatment versus both vehicle and untreated controls and similarly p values of < 

0.0001 were obtained for TA-2 treatment versus vehicle and untreated controls.  

Statistical differences in disease severity (peak height) were also compared.  p values of < 

0.0032 were observed for peak height for BIO5192 versus both the vehicle and the 

untreated controls and p values < 0.0011 were obtained for the TA-2-treated group versus 

the two control groups. 

TA-2 treatment down-modulates α4β1 surface expression.  As part of the analysis of 

function, we tested whether TA-2 or BIO5192 modulated α4β1 levels in vivo.  For these 

studies, female Lewis rats were treated with either a single 2.5 mg/kg dose of TA-2 at 
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T=0 h or with 2 doses of BIO5192 at 30 mg/kg at T= 0 and T= 24 h.  Freshly isolated rat 

PBLs and splenocytes were analyzed at T=48 h for receptor levels and occupancy.  Fig. 7 

shows the results from this analysis.  PBLs and splenocytes from the vehicle-treated 

control animals showed strong FACS signals when analyzed by ex vivo treatment with 

TA-2 and detected with anti-mouse PE or by direct analysis using a PE-tagged analogue 

of BIO5192, PE-BIO8139.  When animals were treated with BIO5192 and analyzed for 

receptor occupancy using PE-BIO8139, no binding of the analogue was observed.  To 

rule out modulation of the receptor, we analyzed the cells from the BIO5192-treated rats 

with TA-2 and measured α4β1 levels using a PE-labeled anti-mouse antibody.  No 

change in receptor number was observed for the BIO5192-treated animals versus the 

untreated control animals, indicating that the loss of signal with PE-BIO8139 was due to 

the presence of bound BIO5192.  This observation is consistent with the finding that 

BIO5192 dissociates slowly from α4β1 and remains bound after 24 h.   

           The cells isolated from the TA-2-treated group were analyzed for TA-2 binding 

using anti-mouse PE.  With a half-life of 48 h, we had expected to observe full saturation 

of α4β1 receptors by TA-2, but instead no bound TA-2 was observed (data not shown). 

To explain this observation, the cells from this group were treated ex vivo with TA-2 

detected with anti-mouse PE, or with PE-BIO8139 and directly analyzed for binding by 

FACS.  In both instances there was little or no signal observed indicating that no 

appreciable α4β1 receptor level was present (Fig. 7).  A PK study was conducted 

separately to examine the α4β1 levels on PBLs and splenocytes following a single 

injection of TA-2 administered to Lewis rats.  Cells were isolated on days 1, 2, 4, 6, 8, 

10, and 14 and the presence of α4β1 on the cells was analyzed using TA-2 detected with 

goat anti-mouse PE and compared to TA-2 serum levels.  On days 1, 2, and 4 there was 

no α4β1 present on the lymphocytes.  The serum TA-2 concentrations were between 8 

and 25 µg/mL on days 4 and 1, respectively.  At day 6, when the serum TA-2 level was at 

2 µg /mL, the α4β1 levels began to rise and reached a half-maximal signal by day 8, 
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when the serum TA-2 had dropped to < 1 µg/mL.  Cell surface α4β1 levels returned to 

normal by day 14 when the serum TA-2 level had fallen below the limits of detection of 

the assay (data not shown).  Additionally, we and others, (P. Kubes), have observed that a 

mouse-specific α4β1 mAb, PS/2, down-modulated α4β1 on PBLs and splenocytes 

isolated from treated mice (data not shown). 

          While treatment with the PE-BIO8139 probe verified that there was no free α4β1 

on the cells isolated from TA-2 treated animals, the PE label sterically interferes with the 

binding of BIO8139 to α4β1 that is bound to TA-2.  This interference does not occur if 

the [35S]BIO7662 probe is used.  Consequently, we also tested binding to α4β1 on cells 

isolated from rats treated with either TA-2 or BIO5192 using the [35S]BIO7662 probe.  

Specific binding was observed on cells isolated from untreated rats and from the same 

cells treated with TA-2, ex vivo.  In contrast only background binding of the probe was 

observed on cells from animals treated with TA-2 or BIO5192 (data not shown).  The 

loss of [35S]BIO7662 binding on cells isolated from TA-2-treated animals, but not on 

cells from untreated animals that were incubated with TA-2 in vitro, further verifies that 

TA-2 treatment down modulates α4β1 expression. 

          To rule out the selective loss of a lymphocyte subtype, PBLs isolated from the TA-

2-treated and from the untreated animals were analyzed by FACS using specific surface 

markers for T cells and B cells.  At 24 h post TA-2 treatment, the percent of total cells 

versus the untreated control did not change for T cells (control: 74%, n=1; TA-2-treated: 

70 ± 2%, n=3) but increased for B cells (control: 12%, n=1; TA-2-treated: 21 ± 3%, n=3).  

Since T and B cells are normally α4β1 positive but are devoid of surface α4β1 following 

TA-2 treatment, these data provide evidence that this observed effect is not due to a loss 

of a lymphocyte subclass.  

Internalization of α4β1 integrin/TA-2 complex.  To determine whether the 

α4β1 integrin was being down-modulated and internalized or whether the integrin was 

shed from the cell surface following TA-2 treatment, we directly labeled TA-2 with the 
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fluorescent tag, Alexa 594, and used confocal microscopy to follow the disappearance of 

α4β1 from the cell surface.  Results from the study are shown in Fig. 8.  First, we 

isolated splenocytes from an untreated Lewis rat, incubated them with TA-2 ex vivo for 

0, 4, 24 and 48 h and monitored the arrangement of TA-2/α4β1 complexes by confocal 

microscopy.  Panel A shows the timecourse of TA-2 binding and internalization in rat 

splenocytes.  At 0 h, the fluorescently-tagged TA-2 was uniformly bound to the cell 

surface with none appearing in the cell cytoplasm.  At 4 h, the staining was less uniform 

with capping beginning to occur, represented by the patchy areas of fluorescence on the 

cell surface.  By 24 and 48 h, the cell cytoplasm showed dense areas of internalized TA-2 

with less fluorescence associated with cell surface.  Because of the low density of α4β1 

on splenocytes, we were unable to observe a measurable fluorescent signal when they 

were treated with BIO8139-Alexa594.  Consequently, we tested binding of BIO8139-

Alexa594 to the RBL.1 rat cell line, which express a higher density of cell surface 

integrin.  RBL.1 cells were treated with a saturating dose of BIO8139-Alexa594 or TA-2-

Alexa594 for 30 min at 4°C then incubated for 0, 4, 24 or 48 h.  The observed capping 

and internalization of TA-2is shown in (B) as compared to BIO8139 (C) in RBL.1 cells at 

0 h and at 48 h using confocal microscopy.  At time zero, 30 min after the addition of the 

probes at 4°C, TA-2-Alexa 594 or BIO8139-Alexa 594, uniformly saturated the cell 

membrane while the cell cytoplasm was devoid of fluorescence (Panels B, C, 0 h).  At 48 

h, capping of the TA-2 / α4β1 complex was striking on the cell surface (data not shown) 

and in most cells the complex had internalized (B, 48 h).  BIO8139 did not internalize 

and remained on the cell surface (C, 48 h). 
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Discussion 

We have investigated the role of α4β1 in rat EAE using two types of inhibitors, an anti-

rat α4 monoclonal antibody TA-2, and the small molecule inhibitor BIO5192.  Whereas 

both TA-2 and BIO5192 are potent inhibitors of α4β1 and were efficacious in the EAE 

model, they are biochemically very different (see Table 2).  The differences in their 

biochemical properties provided a means for understanding key features in the inhibition 

of α4β1 function that lead to efficacy in EAE.  First, the selectivity of BIO5192 for α4β1 

indicates that engagement of α4β1 is a key event in the progression of the disease.  

Although TA-2 recognizes α4β1 and α4β7, from the BIO5192 selectivity data we can 

infer that inhibition of α4β7 is not necessary for efficacy in this rat EAE model.  Second, 

while TA-2 treatment downregulated α4β1 expression, BIO5192 treatment had no effect 

on α4β1 expression, indicating that blockade of α4β1 is sufficient for inhibiting EAE.  

Other differences in the biochemical properties of TA-2 and BIO5192 include metal ion 

dependencies, valency and LIBS binding.  In particular since TA-2 contains two α4-

binding sites and BIO5192 has only one, the difference in valency is likely to have lead 

to the capping phenomenon observed with TA-2 and subsequent events leading to down 

modulation.   

          The observation that no cell surface α4β1 remained after treatment with TA-2 was 

surprising since others have observed only a slight down regulation (Bretscher, 1992; 

Selmaj et al., 1998).  The significance is unknown, but may reflect the contributions of 

other downstream effects on its binding.  Several groups have reported downstream 

effects of blocking the α4β1/VCAM-1 interaction.  Leussink et al (Leussink et al., 2002) 

showed that inhibition of α4β1/VCAM-1 interactions by mAb TA-2 led to a decrease in 

cytokine production, including IFNγ and TNFα, and induction of T-cell apoptosis in rat 

EAN.  Furthermore, when a TNF binding protein was administered in a passive transfer 

model of mouse EAE, lower TNF levels caused a decrease in VCAM-1 expression in the 

CNS and a downregulation of α4β1 expression on splenocytes (Selmaj et al., 1998).  In 
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another study, treatment with anti-α4 mAb 9C10 induced apoptosis of CD4+ and CD8+ 

T-cells resulting in activation of PKC during T-cell development and following mature T-

cell activation (Tchilian et al., 1997).  To determine if BIO5192 could elicit a signaling 

response, we performed a gene chip analysis on human THP1 cells with and without 

BIO5192 treatment (deFougerolles, Pepinsky, Lobb, Koteliansky, data not shown).  As 

expected BIO5192, as a monomer, was unable to induce a signal.  Although TA-2 

treatment may be having a secondary effect in our studies, the data with BIO5192 

indicate that in EAE this is not necessary for efficacy. 

          TA-2 and BIO5192 treatments both induced a lymphocytosis, and were efficacious 

in the EAE model.  To verify the relationship between lymphocytosis and efficacy, we 

tested several other α4β1 inhibitors with distinct biochemical properties (data not 

shown).  The small molecule α4β1 inhibitor, (R)-N-[[4-[[(2-methylphenylamino)-

carbonyl]amino]phenyl]acetyl]–L–prolyl–3–methyl)–beta–alanine, had an IC50 of 25 nM, 

did not elicit a lymphocytosis response, and was inactive in rat EAE.  We also tested an 

inhibitor compound 3 (Pepinsky et al., 2002), which induced a very transient 

lymphocytosis due to a short serum half-life, which also failed in EAE.  While compound 

3 was a low nM inhibitor of the non-activated integrin, it failed to maintain receptor 

occupancy following a 30 mg/kg s.c. dosing.  We infer from these studies that a constant 

coverage of α4β1 by the inhibitor is a prerequisite for lymphocytosis and for activity in 

EAE.  Lymphocytosis is a simple pharmacodynamic marker for blockade of α4β1 

function and can be used as a surrogate marker for selecting dosing regimens.  From our 

studies, it is unclear if the elevated cell number is due to the release of α4β1− positive 

leukocytes from VCAM-1 expressed on blood vessel endothelial cells or stroma, or a 

block of trafficking lymphocytes accompanied by their inability to leave the blood 

compartment.  The speed of the effect following BIO5192 treatment best supports the 

displacement hypothesis. 

          The role of α4β7 in EAE has been controversial.  The α4β7/MAdCAM-1 pathway 
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was shown to contribute to the EAE response in a non-remitting EAE model induced by 

myelin oligodendrocyte glycoprotein 35-55 stimulated-T-cells (Kanwar et al., 2000a; 

Kanwar et al., 2000b).  Kanwar et al, showed that an anti-MAdCAM-1 antibody alone or 

in combination with anti-VCAM-1 and anti-ICAM-1, induced remission of EAE, with 

combination therapy leading to a more rapid remission.  Conversely, Englehardt et.al. 

(Engelhardt et al., 1995; Engelhardt et al., 1998; Laschinger and Engelhardt, 2000) 

examined the roles of α4β1 and α4β7 in transfer and active models of EAE in mice using 

monoclonal antibodies to α4β1, α4β7,  the β7−chain and VCAM-1 and demonstrated 

that α4β7 integrin is not essential for the development of EAE.  MAdCAM-1 was never 

detected on Blood Brain Barrier endothelial cells during EAE in SJL/J or C67Bl/6 mice.  

The BIO5192 studies presented here support this latter study demonstrating that 

inhibition of α4β7 is not necessary.  One explanation for these conflicting results is that 

MAdCAM-1 is interacting with α4β1 and therefore the effect of the anti-MAdCAM-1 is 

not on inhibition of α4β7 but was a direct effect on α4β1 function.  In support of this 

hypothesis, Newham et al showed that MAdCAM-1 binds α4β1 (Newham et al., 1998).  

Also since α4β7 binds to osteopontin (Bayless et al., 1998), in the brain MAdCAM-1 

may not be involved.  Alternatively, the discrepancy may represent differences in the 

EAE model used by Kanwar et al (Kanwar et al., 2000a; Kanwar et al., 2000b) and would 

require a more thorough evaluation. 

          Multiple Sclerosis (MS) is characterized by lymphocytes that migrate and infiltrate 

into the CNS and brain affecting demyelination of nerve cells causing the disease (Miller 

et al., 2003).  Various aspects of MS have been recapitulated in rodent models of EAE, 

with differing effects and efficacy profiles of α4β1 inhibition observed in rats and mice 

(for references see Kanwar 2000).  Rat EAE is usually monophasic and α4β1 inhibition 

delays the onset of disease.  Our results confirm and extend these original observations.  

Mouse EAE is usually relapsing/remitting characterized by epitope spreading and 

activated T-cell involvement.  Engelhardt et al confirmed, in a mouse model of EAE, that 
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blockade of α4/VCAM-1 interaction was involved in inflammatory cell recruitment 

across the blood brain barrier and that inhibition of α4β1−dependent adhesion of antigen-

specific T-cells to blood brain barrier endothelium was important for efficacy (Engelhardt 

et al., 1995; Engelhardt et al., 1998; Laschinger and Engelhardt, 2000).  In another 

model, PS/2, an anti-mouse α4  antibody, inhibited EAE when administered 

prophylactically but exacerbated disease when given therapeutically in established 

disease (Theien et al., 2001).  We saw no evidence of an exacerbation of disease when 

treatment was stopped in rats.  Furthermore, in human clinical trials, in which the anti-α4 

mAb Natalizumab was administered to patients with relapsing/remitting MS, clinical 

benefits were observed while Natalizumab maintained adequate serum levels, and disease 

activity returned to baseline when the drug was withdrawn.  The exacerbation of disease 

seen in the relapsing mouse model was not seen in patients during clinical trials (Miller et 

al., 2003) and may be specific for this mouse model.   

          Of the many small molecule inhibitors that have been developed from the LDV 

sequence of CS1, BIO5192 is the most potent and selective α4β1 inhibitor developed to 

date (Abraham, 1997; Lin et al., 1999; Kudlacz et al., 2002; van der Laan et al., 2002).  

Lin et. al. reported that BIO1211, KD =70 pM for Mn+2-activated α4β1, is efficacious in a 

sheep asthma model.  BIO1211 is only a 20-40 nM inhibitor of non-activated α4β1 and 

therefore was not expected to be effective if the non-activated α4β1 was important for 

function.  BIO1211 was inactive in EAE when administered at 30 mg/kg.  A second 

compound, the CS-1 ligand mimic, phenylacetyl-L-leucyl-L-aspartyl-L-phenylalanyl-D-

prolineamide, was efficacious in the sheep asthma model and partially effective in active 

rat EAE (Abraham, 1997; van der Laan et al., 2002).  A third compound, CP-664511, 

which is related to BIO1211, is a 5 nM α4β1 inhibitor in serum and efficacious in an 

antigen-induced Pulmonary Eosinophil infiltration model.  The extraordinary potency of 

BIO5192, <10 pM for activated and unactivated integrin, and because it binds α4β1 from 

many species, including mouse, rat, sheep, dog and humans, makes BIO5192 a 
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particularly attractive compound for investigating α4β1 function. 

          In summary, we have compared the biochemical, pharmacological and 

pharmacodynamic properties and efficacy in a rat model of EAE, of two α4β1 inhibitors, 

mAb TA-2 and BIO5192.  TA-2 provides a benchmark for assessing α4β1 function in 

rats against which we tested the highly selective α4β1 inhibitor BIO5192.  Both 

inhibitors induced a lymphocytosis, a PD marker of activity, and were efficacious in 

EAE.  Treatment with TA-2 caused a decrease in α4β1 integrin expression on the cell 

surface, which resulted from internalization of the α4β1 integrin/TA-2 complex.  In 

contrast, BIO5192 did not modulate cell surface α4β1, indicating that blockade of 

α4β1/ligand interactions is sufficient for function in EAE.  The use of potent, selective 

α4β1 integrin inhibitors therapeutically for treatment of inflammatory diseases may be an 

important alternative to therapy when inhibition is the mechanism necessary to alter 

disease. 
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Figure Legends 

 Fig. 1.  Assessing binding of [35S]BIO7662 to cells expressing α4β1 using kinetic 

measurements. For assessing binding of BIO5192 to α4β1-expressing cells the 

radiolabeled derivation of BIO5192, [35S]BIO7662, was used as described previously 

(Chen).  (A) For on-rate measurements, Jurkat cells (1 x 106 cells/mL) in TBS containing 

1 mM Ca2+and 1 mM Mg2+ plus varying amounts of rat plasma: 0% (n) 20% (l) 50% 

( ) or 100% (u), were treated with 2 nM [35S]BIO7662 for 5, 10, 20, 30, or 60 min.  

Cells were collected by centrifugation and subjected to scintillation counting.  The data 

were fitted to an exponential equation by non-linear regression.  (B) For off-rates, cells 

expressing α4β1: 70Z3 cells (n), or RBL.1 cells (l) or Jurkat cells ( ) at 1 x 106 

cells/mL were treated with 5 nM [35S]BIO7662 for 40 min in TBS containing 1 mM 

Ca2+and 1 mM Mg2+.  Unlabeled BIO7662 (500 nM) was added, and the cells were 

further incubated for the times indicated in the presence of 1 mM Ca2+and 1 mM Mg2+ 

buffer.  Cells were pelleted at each time point and cell-associated [35S]BIO7662 

measured by scintillation counting.  Dissociation data are represented as a percent of the 

maximum total counts bound as a function of time.  The data were fitted to a single-

exponential for all curves.  kon and koff values were calculated from the curve fits.  koff is 

the observed rate constant; kon is the observed binding constant divided by the 

concentration of BIO7662.  Data shown are from a single determination of the on and 

off-rates. 

 

Fig. 2.  Induction of the expression of the 9EG7 LIBS epitope by BIO5192.  The effects 

of BIO5192 on the expression of the LIBS epitope that can be detected with the 9EG7 

mAb were evaluated on Jurkat cells expressing α4β1 in an adhesion assay.  Calcein-

labeled Jurkat cells (1 x 105 cells) in TBS plus 2 mM Mg2+ were incubated for 30 min at 

37 °C with serial dilutions of BIO5192 or EGTA at the various concentrations indicated.  

96-well Costar Easywash plates were coated with 10 µg/mL 9EG7 and blocked with 
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bovine serum albumin.  Plates were washed three times and read on a CytoFluor 4000 

multi well plate reader from PerSeptive Biosystems (excitation at 485 nm, emission at 

530 nm).  For α4β1 cells background binding was 400 mean fluorescence units and 

maximum binding was 11000 units.  0% = nonspecific binding to non-9EG7 coated 

wells.  100% = binding seen in the presence of 14 nM BIO5192.  As a further control for 

LIBS induction certain wells were treated with Mn2+, which itself is a potent inducer of 

the LIBS epitope.  As expected Mn2+ induced expression of the LIBS epitope on Jurkat 

cells. 

 

Fig. 3. Assessing the occupancy of  α4β1 integrin receptors.  Binding of BIO5192 and 

TA-2 to rat PBLs (A) and BIO5192 binding to rat splenocytes (B) in vitro and BIO5192 

splenocyte receptor occupancy following an in vivo administration (C) were investigated. 

8.0 x 106 cells / mL of PBLs (A) or splenocytes (B) were incubated at 23 °C for 30 min 

with the indicated concentrations of BIO5192 (�) in the presence of TBS containing 1 

mM Mn2+ or TA-2(�) in the presence of TBS containing 1 mM Ca2+  and 1 mM Mg2+.  

The cells were washed and pelleted by centrifugation.  BIO8139-PE (10 nM) was added 

to the cells treated with the BIO5192 titration, and goat anti-mouse-PE (1:500) was added 

to the cells treated with the TA-2 titration, then incubated at 23°C for 30 min.  Cells were 

collected by centrifugation and subjected to FACS analysis.  Solid lines represent best fit 

of the data to a hyperbolic equation. (C).  Rats were injected once with BIO5192 

(30mg/kg, s.c.) at time 0.  After 24, 48 and 72 h post injection of BIO5192, splenocytes 

were isolated and 8.0 x 106/mL of splenocytes were incubated with BIO8139PE (10nM) 

for 15 min.  Cells were washed and collected by centrifugation and subjected to FACS 

analysis.  Data are the mean of two animals.  Bars reflect individual animals and not 

standard deviation. 

 

Fig. 4.  Pharmacokinetic analysis of BIO5192 in Lewis rats following i.v. and s.c. 
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administration.  Rats were injected with BIO5192 at 1 mg/kg, i.v. (�) (upper panel), or 

with 3 (�), 10 (�) or 30 ( ��PJ�NJ�V�F���ORZHU�SDQHO����:KROH�EORRG�IURP�WKHVH�DQLPDOs 

was collected and treated with heparin at the timepoints indicated.  BIO5192 was isolated 

from the resulting plasma by extraction and BIO5192 levels were assessed by mass 

spectroscopy (see Methods Section).  Each curve is the mean of data from 3 animals.  

Data are expressed as mean ± standard deviation (SD). 

 

Fig. 5.  Pharmacodynamic effects of α4β1 inhibitors.  A single dose of TA-2 (2.5 mg/kg, 

i.v. in PBS), BIO5192 (30 mg/kg, s.c. in TRIS / lactose) or the corresponding vehicle 

control, was administered to Lewis rats at Time 0. Blood was collected into EDTA to 

form plasma at the timepoints indicated and analyzed for circulating blood count (CBC) 

by a CellDyne cell analyzer.  Lymphocyte counts were assessed for each animal from the 

CBC.  The upper panel shows the lymphocyte counts (�) following TA-2 injection 

relative to PK data for TA-2 (�) which was measured in the same study. The lower panel 

shows the lymphocyte counts (�) following BIO5192 injection in relation to its PK data 

(�).  Data points are the mean of 3 animals ± SD. 

 

Fig. 6.  Evaluation of BIO5192 and TA-2 in rat EAE.  Lewis rats were injected with 

MBP on day 0 and then monitored daily for progression of the disease.  The treatment 

groups receiving either no treatment (�), the TRIS/lactose vehicle (l), TA-2 (2.5 mg/kg, 

i.v, day 9,13.) (�) or BIO5192 (30mg/kg, s.c,) administered BID during days 5-14 (�).  

Values are given as the mean ± SD for 13 animals. 

 

Fig. 7. Modulation of α4β1 integrin by TA-2 but not BIO5192.  A single dose of TA-2 

(2.5 mg/kg, i.v. in PBS), or BIO5192 (30 mg/kg, s.c. in TRIS / lactose, QD) or the 

corresponding vehicle control, was administered to Lewis rats at Time 0.  After 48 h, 

PBLs and splenocytes were isolated and analyzed for α4β1 levels by FACS analysis.  
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100% represents the binding seen in vehicle-treated animals.  The solid bars represent 

cells treated with additional TA-2 (10 ug/ml) followed by goat anti-mouse-PE and the 

open bars represent cells treated with BIO8139PE, for detection of cell surface α4β1.  

 

Fig. 8.  Confocal imaging and internalization of the integrin α4β1 receptor / TA-2 

complex.  Rat splenocytes were treated with TA-2-Alexa594 for 0, 4, 24 and 48 h (A) or 

RBL.1 cells treated with either TA-2-Alexa594 (B) or BIO8139-Alexa594 (C) for 0 and 

48 h.  Images were taken with a Leitz Plan-Apochromatic 63x (1.32 numerical aperature, 

oil immersion) objective (Leica) for the RBL.1 cells and 100x objective for the 

splenocytes, with a 2x digital zoom.  Each frame represents a single optical section from 

the middle section of the cells observed for internalization under all conditions.  The 

fluorescent images were overlayed onto Neumarski images of the cells.  Note: there is no 

staining in the nucleus.  
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TABLE 1
Integrin selectivity data for BIO5192.  
The selectivity of BIO5192 towards the five integrins indicated were tested 
in adhesion formats for α2β1 and α9β1; by direct binding for α4β1 and 
α4β7; and by platelet aggregation for αIIBβ3, as described in the Methods 
Section.  For all assay formats, serial dilutions of each compound (from 1
nM to 100 µM) were evaluated and IC50 values calculated from the 
concentration dependence of the inhibition curves.

* Due to the high affinity of BIO5192 for α4β1 its binding constants were 
also calculated from kinetic measurements (KD = < 3 pM).

Integrin

α4β1*

α4β7

α9β1

α2β1

α11bβ3

nM IC50
(n)

1.8 ± 0.7
(10)

>500
(1)

138
(2)

1053 ± 143
(3)

>10,000
(1)
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Properties BIO5192 mAb TA-2

Selectivity α4β1 α4β1 / α4β7

Species specificity human, mouse, rat
rat, sheep, dog

Binds unactivated and + +
activated α4β1

Binding inhibition by EDTA + –

LIBS inducer + –

KD <3 pM 30 pM

Valency monovalent divalent

PK (i.v.) t1/2 1.1 h 48 h

Lymphocytosis + +

Down modulates α4β1 – +

Clusters α4β1 – +

Efficacy in EAE + +

TABLE 2 
Comparative properties of BIO5192 and TA-2.  
Summary of the biochemical, PK and PD properties of BIO5192 and TA-2 and their efficacy in rat EAE.
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