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Abstract

Airway remodeling, caused by inflammation and fibrosis, is a major component of chronic 

obstructive pulmonary disease (COPD) and currently has no effective treatment. Transforming 

growth factor–β (TGF-β) has been widely implicated in the pathogenesis of airway remodeling in 

COPD. TGF-β is expressed in a latent form that requires activation. The integrin αvβ8 (encoded 

by the itgb8 gene) is a receptor for latent TGF-β and is essential for its activation. Expression of 

integrin αvβ8 is increased in airway fibroblasts in COPD and thus is an attractive therapeutic 

target for the treatment of airway remodeling in COPD. We demonstrate that an engineered 

optimized antibody to human αvβ8 (B5) inhibited TGF-β activation in transgenic mice expressing 

only human and not mouse ITGB8. The B5 engineered antibody blocked fibroinflammatory 

responses induced by tobacco smoke, cytokines, and allergens by inhibiting TGF-β activation. To 

clarify the mechanism of action of B5, we used hydrodynamic, mutational, and electron 

microscopic methods to demonstrate that αvβ8 predominantly adopts a constitutively active, 

extended-closed headpiece conformation. Epitope mapping and functional characterization of B5 

revealed an allosteric mechanism of action due to locking-in of a low-affinity αvβ8 conformation. 

Collectively, these data demonstrate a new model for integrin function and present a strategy to 

selectively target the TGF-β pathway to treat fibroinflammatory airway diseases.

INTRODUCTION

Chronic obstructive pulmonary disease (COPD) is now the third leading cause of death in 

the United States (1). A major cause of airflow obstruction in COPD is airway narrowing 
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caused by peribronchial chronic inflammation and fibrosis, known as airway remodeling, for 

which there is no effective treatments (2).

Airway remodeling severity is linked to cumulative cigarette smoke exposure and the 

frequency of sudden declines in lung function known as exacerbations (3). COPD 

exacerbations (~50%) are caused by viral infections (4). Such infections can directly cause 

increased transforming growth factor–β1 (TGF-β1) expression (5) and experimental airway 

remodeling accompanied by airway hyperresponsiveness (6). Exposing mice to the viral 

mimetic polyinosinic: polycytidylic acid [poly(I:C)] accelerates airway remodeling in 

response to cigarette smoke (7). Therefore, cigarette smoke combined with poly(I:C) models 

the self-amplifying cycle of cigarette smoke–induced injury, viral infection, and 

exacerbations that culminate in airway wall thickening and obstructive physiology in 

humans. TGF-β1 and interleukin-1β (IL-1β) drive this cycle and represent potential 

therapeutic targets in the airway remodeling process in COPD (8, 9). TGF-β is expressed in 

an inactive (latent) form and must be activated to have biologic activity. One protein that 

activates TGF-β in vivo is the integrin αvβ8 (encoded by the ITGB8 gene), which shows 

increased expression in COPD airways (10). Thus, selective inhibition of αvβ8-mediated 

TGF-β activation is a potential therapeutic strategy (11) that would bypass the toxicities of 

global TGF-β inhibition (12, 13).

Increased expression of αvβ8 is driven by IL-1β (10, 14). Increased IL-1β in COPD patient 

samples is linked to cigarette smoke and viruses (15, 16). Adenoviral (Ad) delivery of IL-1β 

leads to increased αvβ8-dependent TGF-β activation and airway remodeling that is blocked 

by conditional deletion of itgb8 in fibroblasts or by neutralizing pan–TGF-β antibodies (10). 

Intratracheal delivery of Ad-IL-1β initiates the αvβ8-dependent influx of lung dendritic cells 

(DCs), which increases adaptive T cell immunity [that is, CD4 T helper 1 (TH1) and TH17] 

and airway inflammation and fibrosis (10).

Lungs of intratracheal Ad-IL-1β–treated mice or IL-1β–stimulated mouse or human lung 

fibroblasts demonstrate αvβ8- and TGF-β–dependent increases in the potent DC chemokine 

CCL20, suggesting a proximal role in TGF-β–dependent airway remodeling (10). CCL20 

and DCs are increased in COPD lung biospecimens (17). Thus, CCL20 is a physiologically 

relevant biomarker of αvβ8-mediated TGF-β activation, leading to DC accumulation (17).

We sought to understand the mechanism by which integrin αvβ8 activates TGF-β in 

fibroinflammatory airway disease to design a therapeutic strategy for its treatment. TGF-β is 

maintained in the inactive (latent) state by the noncovalent association with its propeptide, 

latency-associated peptide (18). The latency-associated peptides of TGF-β1 and TGF-β3 

both contain RGD motifs (18), which bind to integrin αvβ8 with high affinity (19, 20).

The sentinel event in integrin function is ligand binding, widely thought to be facilitated by 

integrin “activation” (21). Mechanisms of integrin activation inferred using biochemical and 

structural data from the αvβ3, αIIbβ3, and α5β1 integrins support two distinct models of 

integrin activation: (i) a “switchblade-like” opening from a compact (bent) to extended 

conformation with an “open” headpiece, and (ii) a subtle headpiece opening occurring in a 

bent conformation (22–24). The former model addresses steric constraints imposed by the 
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cell membrane because integrin extension increases access of large ligands of the 

extracellular matrix to the ligand-binding pocket (24). In either model, a closed headpiece 

conformation is thought to be inactive and of low affinity (22, 25, 26). How these models 

and assumptions apply to αvβ8 is not immediately obvious because of sequence differences 

between conformationally important regions of β8 compared with other β subunits (27, 28).

Integrin headpieces contain the ligand-binding pocket, located at the interface of the integrin 

β-subunit head (referred to as βI) and the α-subunit head domains (21). Interactions between 

the β-subunit βI domain α1 and α7 helices regulate integrin activation states and are 

influenced by ligand and metal ion occupancy (21, 25). Integrin βI domains contain three 

conserved metal binding sites except the βI domain of integrin β8, which only has two 

because it lacks two critical aspartate residues of the ADMIDAS cation binding site that 

allosterically couples the ligand-binding pocket to the rest of the integrin (24). As monitored 

by adhesion or ligand-binding assays of non-β8 integrins, Ca2+ and Mg2+ facilitate integrin 

low-affinity states, and Mn2+, high-affinity states (22). In the presence of Mn2+, integrins 

extend and open their headpieces (a process enhanced by RGD peptide) by a “swing-out” of 

the adjacent hybrid domain (24, 25, 29). A large body of work suggests that Mn2+ alters βI 

α1-α7 helix interactions, causing headpiece opening (24, 25, 29).

Here, we use hydrodynamic, electron microscopic, and mutational analyses to demonstrate 

that integrin αvβ8 predominantly adopts a constitutively active conformation with an 

extended-closed headpiece and thus does not fit current models of integrin activation. We 

affinity-matured an anti-human β8 monoclonal antibody (37E1) that binds to the α1 helix of 

the β8 βI domain to generate B5. B5 causes a β8 headpiece conformational change that 

efficiently inhibits TGF-β activation. The relevance of these findings for a therapeutic 

strategy is demonstrated using bacterial artificial chromosome (BAC) transgenic (Tg) mice 

expressing only human and not mouse itgb8. These mice were used to establish and 

extensively characterize a physiologically relevant airway remodeling system induced by a 

combination of cigarette smoke and poly(I:C). B5 blocked airway inflammation and fibrosis 

not only in cigarette smoke–induced airway disease but also in cytokine- and allergen-

induced airway disease mouse models, suggesting that αvβ8-mediated TGF-β activation 

may be a new therapeutic target for treating airway remodeling diseases.

RESULTS

An optimized β8 antibody (B5) blocks TGF-β activation

B5 blocks IL-1β–induced airway remodeling—Intratracheal injection of Ad-IL-1β in 

mice induces airway disease that recapitulates key immunologic and pathologic features of 

airway remodeling in human COPD by increasing DCs that drive adaptive TH1 and TH1 

immunity (10). We used intratracheal injection of Ad-IL-1β in BAC Tg mice expressing 

only human and not mouse itgb8 to test the efficacy of B5 (Fig. 1A). The expression of 

human ITGB8 in these BAC Tg mice is at similar levels and expression patterns as in human 

tissues (fig. S1), and rescues the developmental lethality of itgb8 knockout mice (fig. S2) 

(30–32). This shows that human β8 binds to murine latency-associated peptide (fig. S3).
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B5 demonstrated a significant dose-dependent blockade of phosphorylation of the TGF-β 

signaling effector pSMAD2/3 from lung homogenates of BAC ITGB8 Tg mice treated by 

intratracheal injection of Ad-IL-1β, indicating successful blockade of TGF-β activation (P = 

0.03, Fig. 1B). Decreased pSMAD2/3 correlated with dose-dependent decreases in CCL20 

(fig. S4A), decreases in the total number of cells in bronchoalveolar lavage, and reduced 

numbers of neutrophils and macrophages (fig. S4, B and D). B5 effectively inhibited Ad-

IL-1β–dependent inflammation of the airway wall (Fig. 1, C, D, and G), fibrosis (Fig. 1, E, 

F, and H), and increases in bronchoalveolar lavage total cells, macrophages, and neutrophils 

(Fig. 1, I to K). mRNA levels of ITGB8 and col1a2 were increased by intratracheal injection 

of Ad-IL-1β and were blocked by B5 (Fig. 1, L and M). B5 had no effect on airway 

histology of control animals (fig. S5). These results demonstrate that B5 had similar effects 

on airway remodeling in vivo, as previously shown with TGF-β neutralizing antibodies or 

conditional deletion of itgb8 on fibroblasts (10).

B5 blocks airway disease in a cigarette smoke exacerbation model of COPD—
We established and characterized a mouse model of COPD that combined cigarette smoke 

with poly(I:C) treatment of BAC ITGB8 Tg mice (7) to test the efficacy of B5. Three weeks 

of whole-body cigarette smoke exposure alone caused minimal pathology, and 2 weeks of 

intranasal poly(I:C) alone caused vigorous neutrophilic inflammation but no significant 

airway remodeling (fig. S6). Three weeks of cigarette smoke together with intranasally 

administered poly(I:C) (Fig. 2A) caused increased airway remodeling; an increase in the 

number of total cells in bronchoalveolar lavage; an increase in macrophages, neutrophils, 

and lymphocytes; and increased expression of lung IL-1β, IL-17A, and CCL2 (fig. S6). This 

system therefore replicated key components of human COPD and COPD-relevant animal 

models (17). Over time, total inflammatory cells and macrophages increased steadily with a 

parallel increase in lung IL-1β and IL-17 (fig. S7). CCL2 and CCL20 expression peaked at 

12 days after smoke exposure, similar to that observed with the intratracheal injection of Ad-

IL-1β (fig. S7).

Combined cigarette smoke–poly(I:C) exposure (Fig. 2A) increased inflammation and 

fibrosis surrounding small airways of BAC ITGB8 Tg mice compared with control, 

untreated BAC ITGB8 Tg mice (P < 0.01, Fig. 2, B to D and F). These increases were 

inhibited by treatment (intraperitoneal) with the B5 antibody (P < 0.01; Fig. 2, B, C, E, and 

G). Inflammation (total bronchoalveolar lavage cell counts, neutrophils, and lymphocytes), 

inflammatory mediators (lung IL-1β, CCL2, CCL20, and IL-17), TGF-β signaling 

(pSMAD3), emphysema (airspace enlargement), and airway obstruction (airway resistance 

to acetylcholine challenge) were all increased by cigarette smoke–poly(I:C). B5 inhibited 

each of these increases (Fig. 2, H to S). These data demonstrate that B5 blocks airway 

remodeling, inflammation, inflammatory cytokine and chemokine production, airspace 

enlargement, and obstructive airway physiology in a model that mimics COPD exacerbation 

by cigarette smoke.

B5 blocks allergic airway inflammation—B5 was used in an ovalbumin sensitization 

and challenge model to determine mechanistic commonalities with IL-1β and cigarette 

smoke–poly(I:C) mouse models of airway disease (fig. S8A). Ovalbumin challenge 
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increased inflammation surrounding small airways of BAC ITGB8 Tg mice (fig. S8, B and 

D), total bronchoalveolar lavage cell counts, eosinophils, IL-1β, CCL2, and CCL20, all of 

which were inhibited by B5 (fig. S8, C to I). These results are consistent with the ability of 

B5 to block a central pathway of αvβ8-dependent airway inflammation, as previously 

suggested using conditional deletion of itgb8 (10, 33).

The αvβ8 integrin has unique structural and functional features

Secreted integrin αvβ8 is constitutively active—Integrins are thought to transit 

between active and inactive states regulated by cation occupancy, with Mn2+ being the most 

strongly activating cation (34). As a first step to understand the interaction of αvβ8 with 

TGF-β, we asked whether Mn2+ also increases β8 affinity for latency-associated peptide. We 

used human 293 cells stably expressing the integrin β8 subunit, which binds well to latency-

associated peptide in the presence of Ca2+ and Mg2+ (Fig. 3A). Mn2+ did not increase, but 

rather decreased, cell adhesion (Fig. 3A) and did not increase the already high level of 

binding of soluble truncated secreted αvβ8 to latency-associated peptide (Fig. 3B and fig. 

S3). In contrast, binding of soluble truncated αvβ3 to its ligands was markedly increased by 

Mn2+ (Fig. 3B), suggesting that αvβ8 is constitutively active, in contrast to αvβ3, which is 

not.

Integrin activation corresponds to global conformational rearrangements that can be 

monitored by size exclusion chromatography because receptor extension leads to axial 

asymmetry and a larger hydrodynamic radius than a compact (bent) form (21). The 

conformational heterogeneity of αvβ8 was investigated by comparing size exclusion 

chromatography profiles of secreted αvβ8 with and without a C-terminal clasp (Fig. 3C). 

The clasp mimics the spatial constraints of transmembrane domains that stabilize the bent 

conformation of other integrins (21). The size exclusion chromatography profile of clasped, 

secreted αvβ8 was identical to that of the nonclasped form of this integrin (Fig. 3D and 

Table 1). Elution peaks did not change in the presence of RGD peptide with or without 

Mn2+ (Fig. 3D and Table 1), suggesting that αvβ8, unlike αvβ3, predominantly adopts a 

single cation- and ligand-independent conformation.

Negative staining electron microscopy was used to directly view conformations of αvβ8 in 

size exclusion chromatography fractions. Computational grouping of well-resolved particles 

into classes of nearly identical conformers (fig. S9) resulted in highly related classes in 20 of 

the clasped and 19 of 20 of the unclasped preparations (fig. S9). Both clasped and unclasped 

versions were almost entirely in an extended-closed state, similar to the αvβ3 integrin in 

Mn2+ without RGD peptide (21). Unclasped αvβ8 was more heterogeneous than clasped, 

and both contained a second most common form (6% of clasped, 39% of unclasped) that 

was extended but likely represented a side view or a conformational intermediate (Fig. 3E). 

The bent conformation (0% of clasped, 5% of unclasped) was a minor population that did 

not significantly affect the hydrodynamic profile (Table 1), which would be expected if the 

bent conformation was a major population (21). In addition, RGD peptide would be 

expected to induce integrin extension if a bent species was present (21); αvβ8 in the 

presence of RGD peptide in Ca2+/Mg2+ or Mn2+ remained extended-closed without 

headpiece opening (Fig. 3E). Together, these data demonstrate that the secreted form of 
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αvβ8 is constitutively active in a thermodynamically favored, stable extended-closed 

conformation.

αvβ8 expressed on the cell surface is constitutively active—We next asked 

whether αvβ8 was constitutively and fully active on the cell surface. Other studies have used 

glycosylation modification of the head-hybrid domain interface to constitutively activate 

integrins on the cell surface (αIIbβ3, αvβ3, α5β1) (35, 36). The β8 integrin subunit contains a 

natural glycan at an almost identical location as one of these mutationally introduced 

glycans in the β1 integrin subunit (Fig. 4A) (35, 36). To further amplify the effects of 

activating glycans, we mutationally introduced a second glycosylation site at the head-

hybrid domain interface (N294). At a homologous residue in the β3 (N303) or an adjacent 

residue in the β1 (N429 or N333) subunit, an artificial glycan induces extension, headpiece 

opening, and constitutive activation (Fig. 4B) (35, 36). Homology modeling of αvβ8 

predicts that both the natural and artificial glycan “wedge” expressed by αvβ8 would have 

the same contact points on the adjacent hybrid domain as αvβ3 and would thus similarly 

favor the open headpiece conformation (Fig. 4B). Such swing-out of the hybrid domain 

increases the affinity of ligand binding by the αvβ3 (35), αIIbβ3 (35), and α5β1 (36) and thus 

would be predicted to also open the αvβ8 head domain (Fig. 4B).

Pools of HT1080 cells transfected with the β8 glycan mutant or wild-type β8 subunit were 

surface-biotinylated and immunoprecipitated to reveal glycosylation status (Fig. 4C) and 

were sorted to equal levels of surface expression (Fig. 4D). Surface recognition by multiple 

domain-specific β8 antibodies (figs. S10 and S11) indicated proper folding of the glycan 

mutant. The glycan mutant β8 subunit migrated on SDS–polyacrylamide gel electrophoresis 

(SDS-PAGE) gels with a ~3-kD larger molecular weight than that of the wild-type β8 

subunit. The deglycosylating amidase, peptide–N-glycosidase F, reduced the size of the 

glycan mutant approximately to that of the deglycosylated wild-type β8 subunit (Fig. 4C). 

Cell adhesion assays (Fig. 4E) and TGF-β activation assays (Fig. 4F) revealed no functional 

differences between the glycan mutant and wild-type β8 subunits. These data demonstrate 

that forced opening of the hybrid domain does not further increase αvβ8 function, and are 

consistent with hydrodynamic and electron microscopy data, suggesting that the αvβ8 

extended-closed conformation is constitutively (and maximally) active when on the cell 

surface.

B5 selectively targets αvβ8-mediated TGF-β activation—To develop a β8 antibody 

suitable for clinical use, we chose to optimize the neutralizing β8 antibody (clone 37E1) that 

inhibited TGF-β activation in coculture assays at high concentrations (20). We reasoned that 

if the effects of 37E1 were specific for inhibiting TGF-β activation at high concentrations, 

then it would be worth optimizing. Human fetal tracheal fibroblasts, a model of 

myofibroblasts [the cell type implicated in lung fibrosis (19)], were treated with 37E1 or 

1D11, a pan–TGF-β isoform neutralizing antibody, to interrogate the spectrum of genes 

influenced by basal autocrine αvβ8-mediated TGF-β activation (tables S1 and S2). Two 

hundred fifty-two genes were significantly altered (B statistic >0) by TGF-β antibody 

treatment compared with control antibody treatment (table S1). The direction of change 

[increase versus decrease in response to β8 or TGF-β antibody (100 μg/ml)] was the same 
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for 251 of these 252 genes (fig. S12), indicating virtually identical pathways affected by 

inhibiting αvβ8 or TGF-β. Thus, 37E1 does not produce off-target effects independent of 

TGF-β (P < 2 × 10−16, r2 = 0.88).

Gene array data encouraged engineering of an optimized version of the 37E1 antibody, B5, 

which improved the affinity to a range suitable for in vivo applications (figs. S13 and S14). 

When 37E1 and B5 were expressed as single-chain antibody fragments (scFv) on yeast, the 

apparent binding affinity improved from 117.51 to 15.42 nM, respectively. A second 

affinity-matured antibody, clone 68, was developed in parallel on the basis of hybridoma 

clone 11E8, which cross-competed with B5 for αvβ8 binding and therefore was directed 

against an overlapping epitope. Clone 68 had a higher affinity for αvβ8 than did B5 [as 

scFv, dissociation constant (Kd) = 1.42 nM] but did not significantly inhibit αvβ8-mediated 

TGF-β activation [inhibition as immunoglobulin G1 (IgG1) at 10 μg/ml = 0 ± 14%]. In 

contrast, B5 as an intact IgG (Kd of 0.54 nM) displayed a 36-fold increase in ability to block 

the binding of αvβ8-AP to latency-associated peptide relative to 37E1 (fig. S14), which was 

specific to αvβ8 because it did not inhibit the binding of αvβ6-AP (fig. S15). Optimized B5 

markedly increased (~1000-fold) the ability to block TGF-β activation (P < 0.001, Fig. 5A) 

and IL-1β–induced CCL20 production by human lung fibroblasts, compared with 37E1 (P < 

0.0001, Fig. 5B). These data demonstrate that the affinity-matured B5 derivative has 

significantly improved abilities to inhibit key TGF-β–dependent functional endpoints from 

relevant human cells.

B5 binds to the β8 head-hybrid interface and alters the head domain 
conformation—Hybridoma clone 37E1 recognized only human and not the mouse β8 

subunit, suggesting that the 37E1 binding epitope depends on species-specific amino acid 

differences, reflecting its derivation from mice immunized with human αvβ8. Chimeric 

constructs swapping various regions between mouse and human β8 were expressed on 293 

cells and used to identify a critical region (located between amino acids 133 and 138) of 

human β8 required for binding of B5, 37E1, and clone 68 antibodies (fig. S10). The 

blocking antibodies B5 and 37E1 and the nonblocking clone 68 recognized various 

combinations of the human species-specific residues R133, F137, and F138, which were 

located on the C-terminal α1 helix of the β8 βI domain (fig. S10 and Fig. 6A).

The mechanisms of action of integrin antibodies that function as allosteric activators and 

inhibitors have been successfully determined using size exclusion chromatography and 

electron microscopy of integrin–Fab fragment complexes (37). To determine the mechanism 

of action of B5, we asked whether B5 induced conformational changes of αvβ8 that could be 

detected by size exclusion chromatography and electron microscopy that were not seen with 

Fab from the non–function-blocking antibody clone 68, which binds to an overlapping 

epitope. The αvβ8–B5 Fab or αvβ8–clone 68 Fab complex eluted from the size exclusion 

chromatography column slightly earlier than αvβ8 alone, consistent with the binding of the 

Fabs, but did not reveal detectable conformational differences between αvβ8 bound by B5 or 

clone 68 (fig. S16 and Table 1).

Electron microscopy of peak size exclusion chromatography fractions of αvβ8-Fab 

complexes revealed that both B5 and clone 68 Fabs bound exclusively to the extended 
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conformation at the β8 subunit head-hybrid junction oriented away from the ligand-binding 

pocket, agreeing well with epitope mapping data (Fig. 6A). Analysis of class averages of 

clasped and unclasped preparations revealed that nearly 100% of the well-resolved classes 

were extended with a closed headpiece with or without B5 and clone 68 Fab (Fig. 6B and 

fig. S17). Two-dimensional image analysis of class averages revealed that head-hybrid 

domain angles were reduced (~20°) when bound to B5 Fab, but were not significantly 

changed by clone 68 Fab (Fig. 6, B to D). The B5/clone 68 epitope was far (~28 Å) and 

oriented away from the ligand-binding pocket, making steric effects of B5 on the RGD 

ligand-binding site improbable (Fig. 6, A, C, and D). B5 Fab blocked the binding of secreted 

αvβ8 to latency-associated peptide nearly as well as the intact B5 IgG (at 40 μg/ml: B5 Fab 

74 ± 10% versus B5 IgG 87 ± 1% inhibition), demonstrating that antibody avidity or the 

additional size of the intact IgG was not required for B5 function. Together, these data 

suggest that B5 is a noncompetitive allosteric inhibitor; subtle differences seen on electron 

microscopy between the orientations of the hybrid domain between the blocking B5 and 

nonblocking clone 68 Fabs reflect conformational changes in the head domain and ligand-

binding pocket.

Homology modeling of αvβ8 to the closed headpiece conformations of αvβ3 (Fig. 4A) 

reveals a steric clash with a natural glycan (N414), highly conserved between species, absent 

from all other integrin β subunits, located on the hybrid domain close to the vertex of the 

head-hybrid domain angle, where the interdomain distances are predicted to be closest (35). 

This site faces the α5-β5 loop at the bottom of the βI domain, and when a glycan is 

computationally docked on this site, several glycan conformations sterically clash with the 

βI head, and thus predicted to open the head-hybrid angle (Fig. 4B), clearly not seen on any 

electron microscopy projections (Fig. 3, D and E). Thus, the natural (N414) (Fig. 4A) and 

the mutant (N294) glycans (Fig. 4B) of β8 are almost certainly laterally displaced in the 

closed headpiece conformation of αvβ8, with or without inward hybrid bending by ~20°, as 

seen with B5. Together, these data suggest that the closed conformation of αvβ8 is highly 

thermodynamically favored.

B5 is a noncompetitive allosteric inhibitor that induces a low-affinity ligand 
binding state of αvβ8—We sought to determine whether B5 directly competes for 

latency-associated peptide because allosteric antibody inhibitors directed to the C-terminal 

α1 helix of other integrins noncompetitively inhibit ligand binding (36, 38). Latency-

associated peptide decreased B5 binding to β8-expressing HT1080 cells by 29% (Fig. 7A). 

To determine whether this decreased binding was due to competitive or noncompetitive 

inhibition, we used a linear regression model of a solid-phase ligand-binding assay (Fig. 

7B). Plots revealed a noncompetitive mode of inhibition by B5 (Fig. 7B), suggesting that B5 

binds to a low-affinity conformation of αvβ8 and acts as a noncompetitive allosteric 

inhibitor.

Allosteric inhibitors reduce but do not completely eliminate ligand binding (36). Indeed, B5 

(or 37E1) maximally blocked receptor binding, TGF-β activation, or TGF-β–dependent gene 

expression by 60 to 90% (Figs. 1B, 4F, and 7, C to E, and figs. S12, S14, and S15). We 

hypothesized that induction of a low-affinity state that changes the shape of the ligand-

binding pocket of αvβ8 would increase the ability of a linear RGD peptide to compete for 
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latency-associated peptide binding. An RGD peptide based on the latency-associated peptide 

of the TGF-β 1 RGD binding loop normally blocks αvβ8–latency-associated peptide 

interactions at high concentrations, because RGD peptides must be constrained into 

conformations that mimic the natural ligands from which they were derived to achieve high 

affinity for integrins (39). Saturating concentrations of B5 had no significant effect on cell 

adhesion, but allowed RGD peptide to block adhesion completely at concentrations where 

RGD peptide alone had minimal effect, suggesting that B5 induced a low-affinity state 

where binding of a linear RGD peptide could more easily compete with latency-associated 

peptide (Fig. 7C). B5 maximally blocked soluble αvβ8 receptor binding or TGF-β activation 

by 92 or 68%, respectively, and the remaining binding or activation could be blocked 

completely by high concentrations of RGD peptide (Fig. 7, D and E). Together, these data 

demonstrate that B5 allosterically induces a low-affinity state that has minimal impact on 

cell adhesion, but markedly inhibits soluble receptor binding and TGF-β activation.

DISCUSSION

This study addresses the hypothesis that selective targeting of TGF-β activation with an β8 

antibody can treat airway remodeling. Airway remodeling in severe asthma and COPD is 

refractory to current therapies. Here, we present development of an antibody, B5, that 

selectively blocks αvβ8-mediated TGF-β activation, airway inflammation, and fibrosis in 

vivo. We use mouse models that phenocopy many of the relevant features of human airway 

disease to illuminate the mechanistic connections between TGF-β and the pathologic, 

cellular, and biochemical endpoints that are altered in human COPD specimens.

Therapeutic effects of B5 in disease models

We have recently characterized Ad-IL-1β and chronic ovalbumin airway remodeling mouse 

models and found that they mimic key pathologic, chemokine, and cytokine features of 

human airway remodeling in both COPD and asthma (10). Here, extensive characterization 

demonstrates the validity of the combined cigarette smoke–poly(I:C) airway remodeling 

system because proinflammatory and profibrogenic cytokines that are increased in human 

disease biospecimens [that is, IL-1β (16), CCL2 (40), CCL20 (17), and IL-17 (41)] were 

also increased in mice exposed to cigarette smoke–poly(I:C). These increases were not 

observed in mice treated only with cigarette smoke, and were greatly amplified by the 

concomitant exposure to the viral mimetic poly(I:C). These data add to the evidence that 

viral infection plays an important role as a cofactor in airway remodeling. B5 treatment 

decreased airway inflammation and inflammatory mediator production in mice exposed to 

Ad-IL-1β, ovalbumin, and cigarette smoke–poly(I:C), as well as chemokine production by 

stimulated human lung fibroblasts, suggesting that B5 inhibits a central and common fibro-

inflammatory mechanism involving lung fibroblasts.

These data support a general model of the pathologic function of αvβ8 in TGF-β activation 

in the airway, whereby active IL-1β and TGF-β together increase fibroblast chemokine 

expression, DC recruitment, and priming of pathologic adaptive immunity, which 

culminates in obstructive airway physiology. This mechanistic cascade assumes that DC 

behavior is indirectly influenced by fibroblasts. However, αvβ8-mediated TGF-β activation 
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directly by DCs has also been shown to increase priming of α/β CD4+ IL-17–producing cells 

in asthma models (33), suggesting that B5 also has the capacity to directly influence DC 

function (10, 33). Whatever the case, the function of αvβ8 by the relatively restricted cell 

types that support αvβ8-mediated TGF-β activation shares in the common alterations of 

proinflammatory cytokines. In particular, IL-17A provides a common mechanistic basis for 

the therapeutic effects of B5 in a variety of injury and fibroinflammation models in the lung 

and other organs where αvβ8 is expressed (that is, kidney and liver).

However, current mouse models do not replicate the full spectrum of human COPD (that is, 

progressive fibrotic airway wall thickening and physiologic fixed airway obstruction). These 

differences reflect fundamental biologic and anatomic differences between humans and 

mice. For instance, mice lack subsegmental and respiratory bronchioles, which are the major 

sites of fixed airway obstruction in humans (42). Despite these shortcomings, the inhibiting 

effects of B5 on cigarette smoke–poly(I:C)–induced airspace enlargement and airway 

hyperresponsiveness in mice suggest that B5 may delay disease progression or prevent the 

exacerbation of COPD symptoms. The prevention of airspace enlargement by B5 is notable 

because loss of function of the TGF-β–activating integrin αvβ6 causes spontaneous airspace 

enlargement (43), demonstrating a fundamental difference in the biology of αvβ8 compared 

to αvβ6.

The role of integrin conformation in αvβ8 function

Mechanism-of-action studies performed on the process of therapeutic development of B5 

reveal that αvβ8 is in a constitutively active extended-closed conformation. This conclusion 

is reinforced by (i) lack of evidence that αvβ8 assumes either a bent or an extended-open 

conformation by size exclusion chromatography and negative electron microscopy staining; 

(ii) αvβ8 has a naturally occurring glycan wedge (N414) in a nearly identical location to a 

mutationally introduced glycan that constitutively activates and opens the α5β1 integrin 

headpiece but does not cause headpiece opening of αvβ8; (iii) introduction of a second 

glycan (N294) that constitutively activates the β3 integrins but does not further increase the 

function of αvβ8. These data reinforce predictions of an extended constitutively active αvβ8 

conformation based on domain-swapping of the “knee” region of the β8 subunit (44) and 

add to the debate about the relative importance of “switchblade” and bent integrin activation 

models (22, 25, 26) by demonstrating that the extended-closed conformation can be stable 

and functional.

The constitutive activity of αvβ8 raises questions about how αvβ8-mediated TGF-β 

activation is regulated. Current evidence suggests that metalloproteolytic cleavage of latent 

TGF-β bound to the cell surface is involved in the activation mechanism and thus could 

indirectly modulate αvβ8 function (20). Hence, αvβ8 could position latency-associated 

peptide for metalloproteases to cleave the latency-associated peptide and release mature 

TGF-β from the cell surface (20). Evidence would argue against mechanical forces induced 

from the integrin to latent TGF-β as causing αvβ8-mediated TGF-β activation. Such 

mechanical forces require dynamic integrin conformational changes or tension transduced 

from the cytoskeleton to integrin cytoplasmic domains to cell- or matrix-tethered latent 

TGF-β. These dynamic conformational changes are not seen with αvβ8 because it adopts 
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mainly a single conformation, and the β8 cytoplasmic domain is not required for cell 

adhesion and TGF-β activation (20).

Conformational changes induced by B5

The B5 epitope located at the head-hybrid junction would be predicted to be altered by 

hybrid domain swing-out, as illustrated by the α5β1 glycan (N429) wedge mutant (36). B5 

retains its ability to bind to and inhibit the function of the β8 glycan mutant, suggesting that 

the β8 hybrid domain does not swing-out even with two glycans occupying the vertex of the 

head-hybrid domain angle. Negative electron microscopy staining is consistent with a 

stabilizing effect of B5 on an exaggerated closed-head conformation with a ~20° inward 

swing of the hybrid domain. This conformation was not well represented in negative 

electron microscopy stains when bound to the non–function-blocking clone 68 Fab, 

suggesting that it is not thermodynamically favored and thus represents a rare low-affinity 

conformer.

Regulation of αvβ8 affinity for binding to latent TGF-β

Integrin hybrid domain motions are coupled to changes in the ligand-binding pocket. 

Exactly how the inward hybrid domain motion seen with the B5 Fab is coupled to changes 

in the ligand-binding pocket remains to be determined, but some predictions can be made 

from the extensive structural literature involving other integrins. In particular, two of the 

homologous residues comprising the B5 epitope (R133 and F137) on the α1 helix of βI 

domains of other integrins are involved in allosteric effects on ligand binding and affect 

hybrid domain motions, but none cause inward bending of the hybrid domain (36, 37).

Positional changes of the α1 helix affect the neighboring α7 helix, which is directly coupled 

to the hybrid domain. Such coordinated changes would be required for inward bending of 

the hybrid domain. The lack of conservation of the β8 ADMIDAS domain indicates that 

such coordinated positional changes are different for β8 compared with other integrins. In all 

other integrin β-subunits, the ADMIDAS cation links the top of the α1 helix to the cation of 

the MIDAS domain, which forms the edge of the ligand-binding pocket that coordinates the 

aspartate of RGD (29). We speculate that binding of B5 to the C terminus of the α1 helix 

affects the positioning of the top of the β8 α1 helix, which is relatively nonconstrained by 

the lack of the ADMIDAS, changing the shape of the ligand-binding pocket into a low-

affinity state. Such allosteric effects are consistent with the observed attenuated latency-

associated peptide binding to the αvβ8-B5 complex and the improved ability of linear RGD 

peptides to inhibit the residual binding to this complex.

Separation of TGF-β activation and cell adhesion functions of αvβ8

Therapeutics targeting αvβ8-mediated TGF-β activation but not cell adhesion likely have 

improved safety profiles compared to therapies that inhibit both of these functions. For 

example, genetic deficiency of αvβ8 is associated with a paradoxical increase in TGF-β 

activation in the kidney, presumably due to unmasking of αvβ8-independent pathways 

activated by TGF-β (45). Our results suggest that allosteric inhibition of αvβ8 by B5 

produces highly specific targeting of the TGF-β pathway only in the cells expressing αvβ8 

with minimal non–TGF-β–specific effects, providing a safer therapy than ligand-mimetic 
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αvβ8 inhibitors. This expectation is borne out by the observation that B5 does not appear to 

cause toxicities in treated mice.

Mechanistically, αvβ8-mediated TGF-β activation differs from αvβ8-mediated cell adhesion 

to latency-associated peptide in that adhesion was not affected by affinity changes induced 

by B5. Cell adhesion requires integrin clustering, which effectively increases receptor 

avidity (46). However, clustering is apparently not required for αvβ8-mediated TGF-β 

activation, because B5 blocks TGF-β activation under conditions where it does not block 

adhesion. This suggests that the TGF-β–activating function of αvβ8 requires a high-affinity 

state, whereas cell adhesion requires only a low-affinity state. This property of B5 could 

explain why the transcriptomes of fibroblasts treated with B5 or anti–TGF-β are almost 

identical, with no integrin adhesion–specific effects.

In summary, the constitutively active integrin αvβ8 can be targeted by an allosteric inhibitor 

to prevent experimental airway disease. B5 has now been fully humanized and is currently 

in preclinical development.

MATERIALS AND METHODS

Study design

We sought to develop a therapeutic strategy to selectively target the TGF-β pathway to treat 

airway remodeling in COPD. To accomplish this, studies were designed in five parts: (i) to 

determine the active conformation of the TGF-β activating integrin αvβ8; (ii) to develop a 

therapeutic neutralizing antibody designed to the active conformation; (iii) to test the 

mechanism of action of the therapeutic antibody; (iv) to develop airway disease models that 

are relevant to human pathophysiology; (v) to use the therapeutic antibody for efficacy and 

mechanism-of-action studies in mice designed to regulate human αvβ8 under the control of 

the human promoter. Sample sizes were predetermined for cell culture, biochemistry, and 

murine experiments based on large expected effect sizes (based on pilot studies d > 0.8) 

requiring an n = 3 to 6 (α = 0.5, β = 0.8). For the ovalbumin experiment, effect sizes were 

only moderate, requiring n = 12. Data collection was terminated when these sample sizes 

were met, with the exception of secreted receptor data for which unanticipated interassay 

variation necessitated larger sample sizes (n = 8). For studies using primary human cells, a 

minimum of three (gene array) and a maximum of five normal donors (CCL20 ELISA) were 

predetermined on the basis of practical considerations of maintaining simultaneously 

multiple primary cultures. No formal outlier analysis was performed.

Production of BAC ITGB8 Tg mice

Tg mice expressing human ITGB8 were generated to test the efficacy of B5 in disease 

models. The human BAC successfully rescued the lethal phenotype associated with 

deficiency of mouse itgb8. Genetic germline deletion of itgb8 is lethal in mice by postnatal 

day 0 in inbred strains and lethal within 3 months in mixed or outbred strains (30, 32). Mice 

die of complications of developmental defects in vasculogenesis or neonatal hemorrhage/

neurogenesis (30, 32). DC-specific deletion (CD11c-cre) results in mice that develop 

autoimmune colitis and die by 6 months (31). A human chromosome BAC (RP11-431K20) 
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containing the entire 80-kb ITGB8 gene and 70 and 30 kb of 5′ and 3′ flanking regions, 

respectively, was purified (Nucleobond, Clontech), determined to be intact by pulse-field 

electrophoresis, microinjected into pronuclei of FVB/N mice zygotes in microinjection 

buffer [10 mM tris, 0.1 mM EDTA (pH 7.4)], and surgically transferred to oviducts of 

pseudopregnant females. Twenty-eight pups survived and tail tip DNA was screened using 

BAC end primers, 5′ BAC end pair (forward 5′-CCTGTGTAACTACCACCAC-3′; reverse 

5′-CTCACTTGACAA-TCTAGTCCTC-3′), and 3′ BAC end pair (forward 5′-

CAACCAATC-AGTAGCACCC-3′; reverse 5′-CTCAGTGAGATCTGTTATGAAC-3′). 

Four founders (lines A to D) had completely integrated copies of the full-length transgene 

and were crossed to C57B/6 itgb8+/- mice. Lines B to D successfully transmitted the 

transgene to progeny to generate BAC; itgb8+/- mice on a mixed FVB/C57B/6 background. 

Sibling matings generated mice heterozygous or homozygous for the BAC and homozygous 

for the itgb8 knockout allele.

Antibody dosing

Initial dosing for B5 was based on dose-response curves generated with the B-line of mice 

where 7 mg/kg outperformed lower doses after IT-Ad-Il-1β provocation (Fig. 1B and fig. 

S4). To replicate these findings in an independent line of BAC Tg mice, C-line mice were 

dosed with B5 or isotype control (7 mg/kg), and the experiment was repeated (Fig. 1, I to 

K). The timing of the first antibody administration was based on the observation that the 

maximal inflammation in the Ad-IL-1β model occurs at 7 days after intratracheal injection 

(10). Thus, administration of B5 was initiated at 7 days after intratracheal injection. In the 

cigarette smoke–poly(I:C) model, B5 or isotype antibody administration was begun 1 week 

after cigarette smoke exposure, at a point when significant lung neutrophilia was observed. 

For the ovalbumin experiment, antibody dosing was initiated 1 day before antigen challenge.

Cigarette smoke and poly(I:C) exposure

B-line mice were exposed using a whole-body cigarette smoke exposure system (Teague 

Enterprises) within a barrier facility. Mice are acclimated using increasing smoke exposures 

for 5 days starting at a total suspended particulates (TSP) of 40 mg/m3 for 1 hour, and 

increasing incrementally to final smoke exposures of 100 TSP using 3R4F cigarettes. Full-

dose exposures were begun in week 1 with 5 hours of continuous exposure, with rest on 

weekends. In week 2, intranasal doses of poly(I:C) (Invivogen, 50 μg per dose) were given 

on days 9 and 12, and again in week 3 on days 15 and 18.

Electron microscopy

Samples were applied to glow-discharged carbon-coated copper grids, washed, stained with 

0.75% (w/v) uranylformate, and aspirated to dryness (47). Images were taken on a Tecnai 

T12 electron microscope (FEI Company) equipped with a LaB6 filament and operating at a 

120-kV acceleration voltage. Micrographs were recorded using a 4K charge-coupled device 

camera (UltraScan 4000, Gatan Inc.), where one pixel equals 2.21 Å on the specimen. 

Particles were selected manually. Individual particles were windowed out from two binned 

images and were subjected to six cycles of multireference alignment and K-means 

classification using SPIDER to generate well-resolved class averages (48). The number of 

Minagawa et al. Page 14

Sci Transl Med. Author manuscript; available in PMC 2015 February 26.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



class-averages to capture the sample heterogeneity was adjusted between 20 and 50. Manual 

selection was used to assign obviously related extended conformations into subclasses: 

extended-closed, extended-intermediate, and bent. Bent conformations were assigned when 

the headpiece-tailpiece angle was less than 90°. The head-hybrid angles were determined 

from class averages where the head and hybrid axis was oriented to allow for definitive 

angle assignment [ImageJ 1.42q, National Institutes of Health (NIH)]. Images where the 

assignment was ambiguous were not included in the analysis. Individual angles were 

measured from class averages where the head and hybrid domains were well-resolved 

(ImageJ).

Statistical analysis

For microarray analysis, the data set was normalized using Lowess normalization. No 

background subtraction was performed, and median feature pixel intensity was used as the 

raw signal before normalization. A one-way ANOVA linear model was fit to each 

comparison of interest to estimate log2 fold change and calculated B statistic. All procedures 

were carried out using functions in the R package limma in Bioconductor. To regress the log 

ratios of (anti-β8/control) against the log ratios of (anti–TGF-β/control) among differentially 

expressed genes, we used log2 (anti-β8/control) = a + b * log2 (anti–TGF-β/control) to 

obtain intercept and slope estimates. To identify differentially expressed genes, a B statistic 

of B ≥ 0 was used. All other data are reported as means ± SEM. Comparisons between two 

different groups were determined using Student’s t test. One-way ANOVA was used for 

multiple comparisons, and Tukey’s or Bonferroni’s post hoc test was used to test for 

statistical significance, as indicated. Significance was defined as P < 0.05. All statistical 

analyses were performed using the software package Prism 4.0b (GraphPad Software).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Optimized B5 antibody blocks TGF-β activation in vivo and intratracheal Ad-IL-1β–
induced airway inflammation and fibrosis
(A) Schematic of the creation of a mouse model of airway inflammation using adenovirally 

delivered IL-1β (Ad-IL-1β) administered intratracheally. (B) B5 blocks intratracheal Ad-

IL-1β–induced pSMAD2/3, demonstrating that neutralization of αvβ8 inhibits TGF-β 

activation in vivo. Lung homogenates from mice treated with B5, compared with IgG2a 

isotype or wild-type (WT) non–Ad-IL-1β injected intratracheally, were evaluated by 

pSMAD2/3 enzyme-linked immunosorbent assay (ELISA). n = 4, *P = 0.03 by analysis of 

variance (ANOVA) and post-test for linear trend. (C to H) B5 (D and F) compared with 

isotype control (C and E) blocks inflammation of the airway wall (C, D, and G) and fibrosis 

(E, F, and H) induced by intratracheally administered Ad-IL-1β. Results expressed as area of 

inflammation or fibrosis per basement membrane (BM) length. Semiquantitative airway 

morphometry of standard hematoxylin and eosin (H&E)–stained (C and D) or trichrome-

stained (E and F) sections. ***P < 0.0001, by ANOVA and Tukey’s post-test. Scale bar, 200 

μm. (I to M) B5 blocks intratracheal Ad-IL-1β–induced inflammation in bronchoalveolar 

lavage. Total cells in bronchoalveolar lavage (I), macrophages (J), and neutrophils (K), as 

well as gene transcripts of ITGB8 (L) and col1a2 (M), were increased by intratracheal Ad-

IL-1β, and this increase was inhibited by B5. n = 3, Ad-LacZ+isotype– or Ad-LacZ+B5–

treated mice; n = 4, Ad-IL-1β+isotype–treated mice; or n = 6, Ad-IL-1β+B5–treated mice. 

*P < 0.05, ** P < 0.01, ***P < 0.001, by ANOVA and Tukey’s post-test.
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Fig. 2. B5 blocks airway inflammation and fibrosis induced by cigarette smoke and the viral 
mimetic poly(I:C)
(A) Schematic showing creation of the cigarette smoke intranasal (IN)–poly(I:C)–induced 

mouse model of airway remodeling. (B and C) Quantitative airway morphometry showing 

cigarette smoke–poly(I:C) (CS+PolyI:C)–induced inflammation of the airway wall (B) and 

wall thickening (C), and the effects of B5 compared to control IgG2a. (D to G) 

Photomicrographs of mouse lungs treated with cigarette smoke–poly(I:C) and control (D 

and F), and cigarette smoke–poly(I:C) with B5 (E and G); H&E (D and E) and trichrome (F 

and G). Scale bar, 75 μm. B5 blocks cigarette smoke–poly(I:C)–induced influx of 

neutrophils and lymphocytes. (H to K) Total cells from the bronchoalveolar lavage (BAL) 

(H), macrophages (I), neutrophils (J), and lymphocytes (K). (L to O) B5 blocks the 

expression of cigarette smoke–poly(I:C)–induced IL-1β (L), CCL2 (M), CCL20 (N), and 

IL-17 (O). ELISAs were performed on whole-lung lysates for expression of IL-1β, IL-17, 

and CCL2 or on bronchoalveolar lavage for expression of CCL20. (P) Analysis of pSMAD3 

immunostaining. (Q to S) Lung phenotyping. (Q) Mean linear intercept; L(m), estimate of 

airspace enlargement. (R) Airway resistance with increasing acetylcholine (ach) 

concentrations (log2). (S) Concentration of acetylcholine as provocative challenge doubling 
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baseline resistance (pc200); room air groups, n = 3; cigarette smoke–poly(I:C) groups, n = 4 

to 5. *P < 0.05, **P < 0.01, ***P < 0.001, by ANOVA and Bonferroni’s post-test.
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Fig. 3. Integrin αvβ8 is constitutively active in a high-affinity extended-closed conformation
(A) Adhesion of β8-expressing 293 cells to latency-associated peptide (LAP) or bovine 

serum albumin (BSA; control), with Ca2+/Mg2+ or Mn2+, and reported as absorbance (A570). 

n = 3 experiments. (B) Binding of soluble αvβ8–alkaline phosphatase (AP) or αvβ3-AP 

fusion proteins to latency-associated peptide, or to the αvβ3 ligand fibronectin as a control, 

with Ca2+/Mg2+ (open bars) or Mn2+ (solid bars) reported as A405. n = 8 experiments. ***P 

< 0.001, by ANOVA and Tukey’s post-test. n.s., not significant. (C) Schematic of the 

domain structure of secreted integrins with or without a C-terminal clasp with locations of 

various domains. Clasped version has a 10–amino acid linker between the acid-base coil. 

(D) Size exclusion chromatography of clasped and unclasped αvβ8 secreted proteins. 

Clasped protein or unclasped protein in a solution containing Ca2+/Mg2+, unclasped protein 

with an RGD peptide in a solution containing Ca2+/Mg2+ or Mn2+. Particles too large to 

enter the medium are excluded and this volume is denoted as “void volume (V0)” as 

indicated. n = 3. (E) Negative staining electron microscopy of peak fractions shown in (D). 

Representative class averages showing extended-closed or bent conformations. Cartoon 

depicts domain structure. Below the micrographs are shown percentages of each subclass. 

Scale bar, 10 nm.
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Fig. 4. αvβ8 is constitutively active on the cell surface
(A) Alignment of human β8 and β1 integrin subunits with positions of N-X-T consensus 

(underlined) and N-linked glycosylation sites in green. Native β8 glycosylation site (N414), 

adjacent to the mutant N429 glycosylation site in the β1 integrin subunit (49). This is 

modeled onto a space-filling rendering of homology-modeled (PyMOL V1.1r1) αvβ8 

headpiece based on the αvβ3 crystal structure in a closed-conformation [Protein Data Bank 

(PDB) 3IJE] (25) with GlcNAc2Man7 glycan chain (brown) from human CD2 (1GYA) 

(49). Green, β-subunit head domain; black, β8-hybrid; blue, αv subunit. (B) Alignment of 

human β8 and β3 subunits with neo-β8 glycosylation site N294 (green) introduced by the 

N296T (red) mutation compared with the neo-β3 glycosylation site N303 (green) introduced 

by the N305T mutation (red) (35). Modeled rendering of the αvβ8 headpiece, as in (A). 

Glycans in position N414 (brown) and N294 (red) oriented laterally allowing the closed 

headpiece conformation. (C) Immunoprecipitation with β8 antibody of surface-labeled β8-

HT1080 cells transfected with WT β8 (lanes 2 and 4) or N294 mutant (lanes 1 and 3), with 

or without peptide–N-glycosidase F (PNG) (nonreducing SDS-PAGE). *, a size increase of 

3 kD in the neoglycosylated N294 mutant. (D) Histogram overlays of anti-β8–stained, stably 

transfected HT1080 pools of WT, N294 glycan mutants, or mock versus WT cells stained 

with secondary antibody only (PBS). (E and F) Cell adhesion (E) or TGF-β activation (F) 

assays using transfected sorted pools of HT1080 cells expressing equal surface 

concentrations of WT β8 or N294 glycan β8 compared with mock-transfected cells. n = 3; 

*P < 0.05, **P < 0.01, ***P < 0.001, by ANOVA and Tukey’s or Bonferroni’s post-test.
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Fig. 5. Affinity-optimized β8 antibody (B5) inhibits TGF-β–dependent chemokine expression by 
stimulated human lung fibroblasts
(A) Inhibition of TGF-β activation as measured using B5, an affinity-matured more potent 

inhibitor of αvβ8-mediated TGF-β activation than 37E1. Cocultures of β8-transfected 

HT1080 cells with transformed mink lung epithelial TGF-β reporter cells with varying 

concentrations (μg/ml) of B5 (filled squares) or 37E1 (open squares) reported by relative 

light units (LU; ×103). n = 5 experiments. (B) B5 is more potent than 37E1 in blocking 

TGF-β–dependent CCL20 secretion by IL-1β–stimulated human lung fibroblasts. ELISA for 

measuring CCL20 in culture supernatant from IL-1β–stimulated normal primary human lung 

fibroblasts treated with isotype control (open bar), 37E1 (vertical stripes), B5 (filled bar), or 

1D11 (horizontal stripes) at 10 μg/ml. Non–IL-1β–treated fibroblast controls do not secrete 

detectable CCL20. n = 5 different patients. ***P < 0.001, by ANOVA and Tukey’s post-

test. n.s., not significant.
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Fig. 6. αvβ8 is in a stable extended conformation with a closed headpiece; B5 is associated with 
inward bending of the β8 head-hybrid domain angle
(A) Ribbon diagram (PyMOL V1.1r1) of the extended, closed structure of the β8 subunit 

generated by homology modeling (Modeller) (50) to αvβ3 (PDB 3IJE) (25). Modeled β8 

(green) with the α1 and α7 helices (red) superimposed on αvβ3 (purple). Red spheres, atoms 

of the B5 epitope on the α1 helix (R133, F137, F138). Modeled RGD tripeptide (blue spheres) 

based on PDB 3ZDX (51) bound to the ligand-binding pocket in complex with the MIDAS 

Ca2+ cation (orange sphere). The distance from the edge of the ligand-binding pocket (A115) 

to R133 of the B5 epitope is 28 Å, indicated by dotted arrows. Head, hybrid, and Psi domains 

are indicated. The αv subunit and leg domains are not included. (B) Image analysis 

measuring the hybrid-head domain angles of clasped and unclasped αvβ8 with no Fab 

compared to size exclusion chromatography–purified αvβ8-B5 or αvβ8–clone 68 Fab 

complexes. n = 15, 24, 10, 15, 37, and 30 measurements from class averages of clasped 

alone (filled squares), clasped+B5 Fab (open upward triangles), clasped+clone 68 Fab (filled 

diamonds), unclasped alone (open downward triangles), unclasped+B5 Fab (closed circles), 

and unclasped+clone 68 Fab (open squares), respectively. **P < 0.01, ***P < 0.001, by 

ANOVA and Tukey’s post-test. (Insets) Representative electron microscopy class averages. 

Average head-hybrid domain angles shown below the micrographs. Scale bar, 10 nm. 
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Cartoons show bound Fab with head (βI) and hybrid domain angles. (C) Rendered αvβ8 

space filling model (PyMOL V1.1r1) of the closed headpiece structure of the αvβ8 subunit, 

as above, with docked prototype Fab (SG/19: PDB 3VI3, translucent gray with black 

outline) to the B5 epitope (R133, F137, F138) indicated by red spheres, approximating 

dimensions and orientation of B5 Fab with inward bending of the hybrid domain. Modeled 

β8 (green) with αv (light blue). RGD tripeptide (orange spheres) bound to ligand-binding 

pocket and angles of the closed head-hybrid domain (black lines). (D) Space-filling αvβ8 

generated homology model, as above, except with a rendering of docked 68 Fab.
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Fig. 7. B5 is a noncompetitive allosteric inhibitor that induces a low-affinity state
(A) Latency-associated peptide decreases B5 binding to αvβ8-expressing HT1080 cells. β8-

expressing HT1080 cells stained with B5 (2 μg/ml) with increasing concentrations of 

latency-associated peptide (LAP) reported as mean fluorescence intensity (MFI) (n = 6). (B) 

Lineweaver-Burk plots of solid-phase binding assays of αvβ8-AP binding to latency-

associated peptide with two different concentrations of B5 (squares), or RGD peptide 

(circles) as a competitive inhibitor control, or no inhibitor (triangles-dotted line). B5 plots 

show similar x intercepts as uninhibited receptor but different slopes and y intercepts 

consistent with noncompetitive inhibition. RGD plots intersect above the x axis with the 

uninhibited receptor consistent with a competitive mode of inhibition. Representative of two 

experiments with similar results. (C to E) B5 induces low-affinity binding sufficient to 

mediate cell adhesion, but insufficient to support TGF-β activation. (C) β8-expressing 293 

cells adhered to latency-associated peptide with saturating concentrations of RGD peptides 

and B5 (filled squares, solid line) or isotype control (open squares, hashed line). Assays 

performed as in Fig. 3A. n = 3. **P < 0.01 by unpaired Student’s t test. (D) B5 induces a 

low-affinity state maximally inhibiting the binding of soluble αvβ8 to latency-associated 

peptide by 92% in the presence of RGE peptide (filled inverted triangles, hashed lines); 

remaining binding blocked completely by RGD peptide (filled squares, solid line). Boxed 

magnified area of the highest B5 and RGD/E concentrations shows small amount of residual 

binding remaining with B5 and RGE peptide completely blocked by B5+RGD. Isotype with 

RGD peptide (open squares, solid line) or RGE peptide (open inverted triangles, hashed 

line). *P = 0.039 by nonlinear regression and F test of the bottom of each data set. (E) B5 

blocks TGF-β activation by ~70%, and the addition of RGD peptide completely blocks 

remaining activation. β8-transfected 293 cells with RGD peptide and saturating 

concentrations of B5 (filled squares, solid line) or isotype control (open squares, hashed 
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lines) at the indicated concentrations. Mock-transfected 293 cells with RGD peptide and 

saturating concentrations of B5 (filled diamonds, solid line) or isotype control (open 

triangles, hashed lines). n = 4. ***P < 0.001, by ANOVA and Tukey’s post-test of the 

highest concentration of RGD peptide and antibodies.
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Table 1

Size exclusion chromatography of αv-integrin constructs.

Condition Elution volume (ml)* Stokes radius (Å)

No Fab/ligand

 αvβ8 (C-terminal clasp) 10.51 ± 0.03 64.25

 αvβ8 (truncated) 10.55 ± 0.02 63.87

Plus ligand (RGD peptide)

 αvβ8 (truncated) Ca2+ 10.53 ± 0.12 63.98

 αvβ8 (truncated) Mn2+ 10.49 ± 0.01 64.28

Plus B5 Fab

 αvβ8 (C-terminal clasp) 10.0 ± 0.02 67.70†

 αvβ8 (truncated) 10.1 ± 0.03 67.04†

Plus clone 68 Fab

 αvβ8 (C-terminal clasp) 10.15 ± 0.02 66.78†

 αvβ8 (truncated) 10.18 ± 0.03 66.53†

*
Mean ± SEM (n ≥ 3).

†
P < 0.01 by unpaired Student’s t test.
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