
Combinatorial libraries against libraries for selecting
neoepitope activation-specific antibodies
Xuebo Hua, Sungkwon Kanga, Craig Lefortb, Minsoo Kimb, and Moonsoo M. Jina,1

aDepartment of Biomedical Engineering, Cornell University, Ithaca, NY 14853; and bDepartment of Microbiology and Immunology,
University of Rochester Medical Center, Rochester, NY 14642

Edited by Richard A. Lerner, The Scripps Research Institute, La Jolla, CA, and approved February 24, 2010 (received for review December 15, 2009)

A systematic approach to the discovery of conformation-specific
antibodies or those that recognize activation-induced neoepitopes
in signaling molecules and enzymes will be a powerful tool in de-
veloping antibodies for basic science and therapy. Here, we report
the isolation of antibody antagonists that preferentially bind acti-
vated integrin Mac-1 (αMβ2) and are potent in blocking neutrophil
adhesion and migration. A novel strategy was developed for this
task, consisting of yeast surface display of Mac-1 inserted (I) do-
main library, directed evolution to isolate active mutants of the I
domain, and screening of phage display of human antibody library
against the active I domain in yeast. Enriched antibody library was
then introduced into yeast surface two-hybrid system for final
quantitative selection of antibodies from monomeric antigen–
antibody interaction. This led to highly efficient isolation of inter-
mediate to high affinity antibodies, which preferentially reacted
with the active I domain, antagonized the I domain binding to in-
tercellular adhesion molecule (ICAM)-1, complement C3 fragment
iC3b, and fibronectin, and potently inhibited neutrophil migration
on fibrinogen. The strategy demonstrated herein can be broadly
applicable to developing antibodies against modular domains that
switch between inactive and active conformations, particularly
toward the discovery of antibody antagonists in therapeutic and
diagnostic applications.
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Conformational change of proteins is essential to affinity reg-
ulation in cell signaling molecules, interactions of viral pro-

teins with host receptors, and proteins with enzymatic activity (1).
Antibodies that can recognize the activation-induced epitopes
(“neoepitope”) may in turn cause activation and/or probe differ-
ent activation states of the molecules. In contrast to conforma-
tion-insensitive antibodies, neoepitope-specific antibodies may
be used to diagnose activation state of cells and to deliver ther-
apeutic agents to specific cells (2, 3). Some antibodies produced
by animal immunization are specific to active conformation of
antigens (4–6). Alternative to screening hybridoma antibodies
for conformation- or activation-specific properties, in vitro meth-
ods can be used to isolate antibodies by repeated cycles of selec-
tion and depletion (subtractive panning) against wanted and
unwanted antigens, respectively (7–9). In this regard, phage dis-
play systems of naïve, immunized, or synthetic antibody libraries
(10, 11) have been most successful in selection of human antibo-
dies against purified proteins, surface molecules of mammalian
cells, or a library of antigens in yeast cells.

Complex linkage between conformation and affinity regulation
exists in integrins, which are transmembrane heterodimers con-
sisting of noncovalently associated α and β subunits (12). As leu-
kocyte infiltration into the tissue requires activation of integrins,
integrins expressed in leukocytes are important therapeutic
targets in autoimmune and inflammation-related diseases. This
is evidenced by the fact that antibody antagonists targeting
leukocyte-specific integrins such as lymphocyte function-
associated antigen (LFA)-1 (αLβ2), Mac-1 (αMβ2), αIIbβ3, and
α4β1∕α4β7 have been approved or are under preclinical and clin-
ical studies (13–15). To reduce potential unwanted side effects

caused by indiscriminate binding of antibodies to integrins, sys-
tematic in vitro approaches have been utilized to produce anti-
bodies that are more specific to activated integrins (8, 9, 16).
For example, a series of subtractive panning of phage library
against different forms of Mac-1 expressed in mammalian cells
(9) or the inserted (I) domain of LFA-1 (2, 8) have been used
to isolate single chain antibodies that preferentially react with
activated integrins.

The I domain, a major ligand binding site in the I domain-
containing integrins, exists in multiple conformations of low to
high affinity to ligands, which is coupled to the transition from an
inactive to an active state of integrins (17–19). Antibodies specific
to the high affinity conformation of the I domain, therefore, may
also be specific to active integrins in cells. Due to the fact that I
domain is the ligand binding site, such antibodies will likely be
activation-specific antagonists. Similar to the previous approach
of selecting antibody library against antigen library (11), we ex-
amined if protein domains displayed on the surface of yeast and
engineered for high affinity by directed evolution can be used to
screen phage clones. We first isolated activating mutations by
screening a yeast library of Mac-1 I domains against HeLa cells
expressing ligands for Mac-1. Then phage library were panned
against the active I domain in yeast, where the enrichment of re-
active phage clones was monitored by flow cytometry. From en-
riched phage libraries, cDNAs encoding single chain fragment
variable (scFv) antibody and active Mac-1 I domain were intro-
duced as a pair of the bait and prey proteins into the yeast surface
two-hybrid system (YS2H) (20) that was designed for quantitative
estimation of protein–protein interactions. Antibodies selected
from two steps of phage binding to yeast and antigen–antibody
interactions in YS2H were found to react with the active Mac-1
I domain and be potent in blocking neutrophil adhesion and mi-
gration. The streamlined process of antigen display and engineer-
ing in yeast display system (21), phage panning directly with
antigens displayed in yeast, and quantitative selection of antibo-
dies in YS2H can be adapted to the discovery of neoepitope-
specific antibodies against other mammalian proteins.

Results
Overview of Antibody Selection Strategy. Various mammalian pro-
teins have been expressed functionally in yeast as a fusion to a cell
wall protein called agglutinin (22–26). To isolate mutations that
induce active conformation, a mutagenesis library of the Mac-1 I
domain was sorted against HeLa cells, which express ICAM-1
and other ligands for Mac-1 (Fig 1). Against yeast cells expressing
active mutant of Mac-1 I domain, a phage library of human single
chain antibody (scFv) was panned to select for activation-specific
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antibodies. Using immunofluorescence flow cytometry, phage
binding to yeast cells was monitored by antibody binding to
the His tag, which is placed between the scFv and the phage coat
protein, pIII. With successive sorting, the enrichment of reactive
phage clones led to an increase in antiHis antibody binding. Next,
the scFv cDNA library amplified from enriched phage clones was
then introduced into the YS2H vector, where the affinity between
antigen and antibody can be estimated by the flow cytometry
measurement of antitag antibody binding. Final selection of anti-
bodies in the YS2H enabled quantitative assessment of candidate
antibodies according to their 1∶1 binding affinity to the antigen.

Selection of Active Mac-1 I Domain by Directed Evolution. The I do-
main in integrin Mac-1 exists at low and high affinity conforma-
tion, which is stabilized in inactive and active state of full-length
Mac-1, respectively. To isolate mutations that would induce high
affinity conformation of the I domain, we constructed a mutagen-
esis library of the I domain (Asp132—Thr322) in yeast display
and sorted yeast cells by their binding to HeLa cells. Whereas
yeast cells expressing the wild-type I domain were easily washed
out from HeLa, the number of bound yeast cells progressively
increased with successive sorting (Fig 2A). High affinity binders
from the second sort library were collected and grown in SDCAA
plate. Twenty-four clones from the plate were individually tested
for binding to HeLa, from which five unique clones containing
one or two mutations were isolated. These five clones bound
to HeLa better than the second sort library (Fig S1). One highest
binder was found to contain Leu substitution for Phe-302. Phe-
302 is located in the loop between the β6-strand and the α7-helix
(Fig S1B), which was identified as an activation hot spot in Mac-1
(F302W) (18) and its equivalent position as a hot spot in LFA-1
(F292G) (22). To confirm that the mutation of F302L induced
high affinity conformation of the I domain, the I domains with
the mutations of F302L and the previously identified I316G
(27) were produced in bacteria and tested for binding to
ICAM-1, iC3b, and fibronectin using surface plasmon resonance
(Fig 2 B and C). The mutation of I316G would disrupt van der
Waals interactions of Ile-316 with the neighboring residues in a
low affinity conformation (Fig S1E), inducing high affinity con-
formation (27). Whereas the wild-type I domain showed little
binding to fibronectin and ICAM-1, and low-level binding to
iC3b (KD ¼ 1.8 μM) (Table S1), the active mutants of F302L and
I316G bound much stronger to all three ligands (Fig 2 B and C).
Overall, the F302L exhibited slower kinetics in both association
(kon) and dissociation rates (koff) than the I316G, and bound with
higher affinity to the ligands (Fig 2 B and C and Table S1).

Selection of Antibody Library Against Yeast Cells Expressing Active
Mac-1 I Domain.Nonspecific binders of phage clones were first de-
pleted by incubation with yeast cells expressing unrelated pro-
teins. The remaining phage clones were then panned against
the yeast cells expressing Mac-1 I domain with F302L. The bind-

ing of the enriched phage clones to the F302L after each round of
sorting was examined by flow cytometry (Fig 3A). The binding of
the second sort phage library to F302L was metal-ion dependent
(38% vs. 1% with EDTA), indicating that the metal-ion depen-
dent adhesion site (MIDAS) is the key epitope for antibody bind-
ing. Positive binding to the wild-type I domain was also observed
with the third and fourth round sort. The fourth sort library con-
tained phage clones that reacted with the wild-type I domain with
or without the metal-ion. For the final selection of antibodies, we
constructed the YS2H vector with the F302L cDNA as the bait
and the scFv cDNA as the prey proteins that were cloned from
the second and the fourth sort libraries (Fig 3B). In YS2H, the
expression of Myc and Flag tag indicates, respectively, the
amount of antibody captured by the antigen and the level of anti-
gen expression. Although the second and the fourth sort phage
libraries bound comparably to yeast cells (Fig 3A), when the pair
of antigen and antibody were expressed in yeast, yeast expressing
the second sort antibody library exhibited much lower Myc ex-
pression than the fourth sort library (3% vs. 37%) (Fig 3B). This
discrepancy may arise from the excess of phage clones used in
flow cytometry, which resulted in comparable binding to F302L
irrespective of the difference in the percentage of reactive clones
in the second vs. the fourth sort library. This is in contrast to Myc
expression in YS2H, which reports the percentage of positive
clones with mean fluorescence intensity correlating with the anti-
gen–antibody interaction strength. Yeast cells expressing the
fourth sort scFv library were grown in SDCAA plate, from which
twenty-four clones were individually tested for tag expression.
Nine clones among the twenty-four clones displayed positive
Myc tag expression; from sequencing, three unique clones were
identified. Whereas Flag tag expression was comparable in all
three clones (clones 1, 2, and 17 were designated as AM01,
AM2, and AM17), the level of Myc expression varied consider-
ably with highest expression seen in clone AM01. Using the first-
order Langmuir binding isotherm (SI Methods), the affinity (KD)
for AM01 and AM17 was determined at 34 nM and 241 nM, re-
spectively. Sequencing analysis revealed that these three clones
were identical in the framework regions, differing only in the
complementarity determining regions 2 and 3 (CDR2 &
CDR3) (Fig S2).

Soluble Antibody Binding to Mac-1 I Domain Expressed in Yeast. In
YS2H, the prey proteins exist on cell surface due to their binding
to the bait as well as in culture media; the level of soluble protein
in the media was estimated to be around 10 nM for scFv (Fig S3)
(20). Antibody concentration in the media was high enough for
flow cytometry application without the need for purification.
These antibodies were examined for binding to the active I
domain mutants that were induced by different mutations
[D132C/K315C (28), F302W, and I316G] to confirm that selected
antibodies are activation-specific but not specific to the mutation
itself (Fig 4A). Single chain antibodies AM01 and AM17 both

Fig. 1. Streamlined antibody selection strategy. A mutagenesis library of antigens expressed in yeast display system (21) is subjected to directed evolution to
isolate mutations to induce active conformation, to which a phage library of human single-chain antibody is screened. Final selection of specific antibodies is
made in yeast surface 2-hybrid system (20) according to quantitative assessment of monomeric antigen–antibody interactions.
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bound the F302L in a metal-ion dependent manner (10 mM
MgCl2 vs. 10 mMEDTA). AM01 exhibited higher affinity binding
than AM17, and bound to other active mutants. To further exam-
ine antigen–antibody binding affinity, AM01 and AM17 were ex-
pressed from bacteria and used at 1, 5, and 10 μg∕ml to label the
wild type and the active I domain mutants (Fig 4B). Overall, the
binding of purified antibodies to I domains was in good agree-
ment with the antibodies produced in yeast: Whereas AM01
bound the active I domains much higher than the wild type, the
binding of AM17 was more specific to the F302L, displaying low-
level binding to D132C/K315C, F302W, and I316G and no bind-
ing to the wild-type I domain. Without the metal ions, AM01 ex-
hibited much lower binding to the active I domains, whereas
binding was undetectable with AM17. It can be hypothesized that
although the metal ion in the MIDAS in the active confor-

mation is a critical epitope for both antibodies, other activation-
independent epitopes may contribute to AM01 binding.

Surface Plasmon Resonance (SPR) Measurement of Mac-1 Binding to
Activation-Specific or Activiation-Insensitive Antibodies. A number
of antibodies against the Mac-1 I domain have previously been
isolated, some of which react differentially with the activation
state of Mac-1. mAb44 was found to bind Mac-1 irrespective
of its activation state in a metal-ion independent manner (27).
To compare newly selected AM01 with activation-insensitive
mAb44, antibody binding to the wild type and the active I do-
mains (I316G and F302L) was examined by flowing I domains
over the SPR chip immobilized with AM01 and mAb44 (Fig 5A).
The configuration of antibodies immobilized to the surface and
the I domains as analytes was chosen to examine monomeric in-
teraction, which was necessary as AM01 is monovalent whereas
mAb44 is divalent. Consistent with AM01 binding to the I do-
mains expressed in yeast cells (Fig 4), AM01 bound the active
mutants much higher affinity (KD ¼ 2 nM) than the wild-type
I domain (KD ¼ 66 nM) with strong dependence on the metal
ion (Fig 5A). In contrast to preferential binding of AM01 to active
I domains, mAb44 bound better to the wild-type I domain
(KD ¼ 0.4 nM) with little influence by the metal ions (Fig 5A
and Table S1).

Inhibition of Mac-1 Binding to Ligands by Antibodies. Therapeutic
potency of antibody antagonists can be quantified as the con-
centration of antibody that produces half maximal inhibition
of receptor binding to ligands or the half maximal inhibitory
concentration (IC50). To measure the potency of inhibition of
Mac-1 binding to ligands, Mac-1 I domains (I316G and F302L
at 200 nM) mixed with scFv or antibodies (1000 to 62.5 nM) were
injected over the SPR chip coated with ICAM-1, iC3b, and fibro-
nectin (Fig 5B). The observations that AM01 and AM17 binding
to the I domains was strongly dependent on the metal ions (Fig 4)
suggest that the MIDAS is a critical epitope and antibodies
should compete with the ligands for binding to the I domain. Un-
der this condition, the IC50 of the antibodies should be propor-
tional to the affinity of the antibody (or inversely proportional to
the dissociation constant, KD) to antigen. The mAb44 and AM01
exhibited comparable inhibitory potency (IC50), whereas 3- to
4-fold higher concentration of AM17 was required to produce
comparable inhibition (Fig 4 and Table S2). Higher potency of

Fig. 2. Selection of high affinity Mac-1 I domains. (A) A mutagenesis library
of Mac-1 I domain in yeast was screened with HeLa cells to isolate high affi-
nity mutants. Yeast cells appear as small bright spheres in the images. (B and
C) SPR measurement of the binding of active I domains (I316G and F302L) to
ICAM-1, iC3b, and fibronection. I domains were injected at a series of two-
fold serial dilutions starting at 250 nM.

Fig. 3. Selection of phage library against the F302L displayed in yeast. (A) A phage library after each round of panning was examined for binding to the F302L
and the wild-type I domain using flow cytometry. Unless noted otherwise, open and filled histograms correspond to antibody binding to uninduced and
induced cells, respectively. Control indicates yeast cells expressing unrelated proteins. (B) The cDNAs amplified from the second and fourth round sort were
introduced into the YS2H vector along with the F302L for final selection of antibodies. (C) Selected individual clones exhibit differential level ofMyc expression,
correlating with antibody-F302L binding affinity.
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AM01 and mAb44 than AM17 agreed with their higher affinity to
the active I domains.

Inhibition of Neutrophil Adhesion and Migration by Antibodies.Next,
we analyzed the binding of antibodies to neutrophils and inhibi-
tion of neutrophil adhesion and migration on fibrinogen-coated
surface. To activate integrins without inducing cellular activation
(29), neutrophils were treated with 1 mM MgCl2 and 1 mM
EGTA to deplete free calcium ions and labeled with AM01 or
AM17. Whereas little binding of AM01 and AM17 to neutrophils
was observed without EGTA or with EDTA, AM01 binding in-
creased significantly when cells were treated with 1 mM MgCl2
and 1 mM EGTA (Fig 6A). In contrast to its binding to the F302L
expressed in yeast, the binding of AM17 to neutrophils was not
detected with MgCl2/EGTA activation. This discrepancy was
presumably due to the difference in the degree of activation
by F302L vs. by the depletion of calcium ions in Mac-1. To eval-
uate the potency of antibodies in inhibiting neutrophil binding to
fibrinogen-coated surface, 96-well V-bottom plate assay was used
to measure the amount of detached cells by centrifugal force. In
this assay, more cells would accumulate to the V-bottom tip if the
affinity between antibody antagonist and Mac-1 is higher. Neu-
trophils were incubated for 15 min at RT in 20 μg∕mL of antibo-
dies with or without activation by EGTA, washed, and added to

the wells coated with fibrinogen. Whereas the inhibition of neu-
trophil adhesion to fibrinogen without EGTA activation was not
statistically significant, after EGTA activation significant inhibi-
tion of neutrophil adhesion was observed by AM01 and AM17
at 40% and 25% (the percent relative inhibition as defined in
Methods), respectively (Fig 6B). Incomplete inhibition by antibo-
dies may be due to the activation of Mac-1 after washing out
unbound antibodies caused by the force applied to neutrophils
during centrifugation of the plate, ligand-induced activation, and
nonspecific neutrophil adhesion to the plate. To examine if these
antibodies are capable of blocking neutrophil migration after sti-
mulation with 10 nM formyl-Met-Leu-Pro (fMLP), which is the
condition that would not only activate integrins but also upregu-
late Mac-1 expression (4), the migration of activated neutrophils
on fibrinogen-coated surface was analyzed. Compared with no
antibody control, preincubation of neutrophils with AM01 re-
sulted in highly restricted migration within 15 μm from an initial
attachment site. In contrast, AM17 did not significantly inhibit
neutrophil migration over control.

Discussion
Antibodies specific to activated cell surface molecules may be
used to probe cellular state as well as to target activated cells
for the delivery of therapeutic agent (3). With protein domains

Fig. 4. The measurement of antibody binding to the Mac-1 I domains. (A) Yeast culture supernatant containing antibodies were used without purification for
binding to I domain expressing yeast cells. (B) To further confirm antibody specificity, AM01 and AM17 were produced from bacteria and used at 0–10 μg/mL
concentrations for binding to yeast cells expressing I domain variants.

Fig. 5. SPR measurement of the affinity of antibody to I domains and inhibition of I domain-ligand interactions. (A) Antibodies were immobilized to a Biacore
chip, and the I domains were injected at a series of two-fold serial dilutions starting from 12.5 nM in buffer containing either 10 mM MgCl2 or 1 mM EDTA.
(B) The I domains at 200 nMwere preincubatedwith the antibodies, ranging from 62.5 to 1000 nM, and this complex was injected into a chip coated withMac-1
ligands. The solid lines represent the best fit of the model to the data, from which the values of a half maximal inhibitory concentration (IC50) of antibodies
were derived.
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expressed on the surface of yeast as an antigen, we demonstrate a
streamlined approach applicable to developing activation-
specific antibodies against the I domain-containing integrins.
Compared to the previous approaches using soluble proteins
as antigens (7, 8), the use of yeast cells expressing antigen offers
several advantages such as obviating the need to purify soluble
proteins and direct estimation of antibody affinity using immuno-
fluorescence flow cytometry. More importantly, antigens dis-
played in yeast display system can be engineered by directed
evolution approach to induce active conformation, which would
mimic the conformation induced by activation signals in cells
(22). Compared to rationally designed mutations, directed evolu-
tion approach led to mutations more potent in inducing active
conformation of Mac-1 I domain, consistent with our previous
studies with LFA-1 I domain (22). Compared to the diversity in
cell surface molecules in mammalian cells, the protein antigens
expressed in yeast as a fusion to agglutinin would likely represent
one of the most abundant cell surface proteins (30). This can lead
to highly efficient selection of specific phage clones, as evidenced
by the isolation of positive clones after as few as two rounds of
sorting. The use of YS2H for the final stage of antibody selection
by quantitative estimation of antigen-antibody affinity was proven
effective in identifying single chain antibodies of differing affinity.
This method can overcome the problem of selecting phage clones
biased toward those expressing multimeric scFv or with higher
titer (31).

In contrast to depleting antibody library against the inactive I
domains to select for activation-specific antibodies (8), we used
yeast cells expressing unrelated proteins to deplete nonspecific
binders. Even without the depletion against the inactive I do-
mains, antibodies selected against the active I domain (F302L)
(e.g., AM01 and AM17) preferentially bound or were specific
to the active I domains induced by various mutations. We also
found that a subset of enriched phage clones reacted with the
wild-type I domain as well, which are likely to be activation-
insensitive. Notably, all the reactive phage clones against the

F302L were metal-ion dependent. Structural changes of the
integrin I domains coupled to different affinity states have been
studied extensively (18, 22, 32): It involves the rearrangement of
the metal-ion coordinating and proximal residues in the MIDAS
and the downward displacement of the C-terminal α7-helix.
Therefore, some of the activation-specific antibodies may be
specific to the residues in the MIDAS or in the α7-helix, not ne-
cessarily requiring the metal ions. The dominance of the metal
ion in the MIDAS as an activation-specific epitope may be attrib-
uted to unstructured nature of the C-terminal region containing
the α7-helix (19, 33) and may also reflect the nature of Mac-1 I
domain in recognition of diverse molecules largely dependent on
the electrostatic potential in the MIDAS.

The use of YS2H in the final selection of antibodies led to a
number antibodies varying in affinities to the active I domain. We
have chosen AM01 and AM17 that represented Myc expression
highest to lowest among the selected yeast clones. Previously we
have demonstrated that the affinity between two interacting pro-
teins in YS2H can be quantitatively estimated from flow cytome-
try measurement of tag expression. Using the Langmuir isotherm
equation, the predicted affinities (KD) were 34 nM for AM01 vs.
241 nM for AM17 to the F302L. These values closely approxi-
mate the SPR data indicating 3- to 4-fold higher concentration of
AM17 than AM01 to induce comparable inhibition of the I do-
main binding to the ligands and the solution affinity of AM01
binding to F302L (KD ¼ 2 nM). Quantitative selection of antibo-
dies in YS2H based on 1∶1 interaction of antigen-antibody can be
a powerful method in selecting antibodies of desired affinities to
achieve an optimal level of antibody binding to cells and antigens.

The antibodies isolated in this study, such as those that prefer-
entially bind activated Mac-1 can be developed into antagonists
targeting aberrantly active leukocytes or to diagnose inflamma-
tory diseases associated with inflamed leukocytes. It is hypothe-
sized that aberrant or excessive infiltration of immune cells,
wherein integrin activation may be dysregulated, lead to direct
damage to the vasculature and the underlying tissue, and the
diseases such as sepsis, cardiovascular disease, and other
inflammation-related diseases (34, 35). Among leukocyte-specific
integrins, Mac-1 (αMβ2) is expressed predominantly in phagocy-
tic, myeloid cells such as neutrophils, monocytes, and macro-
phages, and is distinct in its ability to interact with a wide-
range of ligands including ICAMs, fibrinogen, fibronectin, hepar-
in, and iC3b (36). Due to this reason, the diseases associated with
myeloid cells such as ischemia-reperfusion injuries in cerebral
and myocardial infarction and sepsis have been targeted with an-
tagonists to β2 integrins or to Mac-1 (15, 37, 38). To assess po-
tential use of activation-specific antibodies developed in this
study, we examined the ability of antibodies to block soluble
Mac-1 I domain binding to ICAM-1, fibronectin, and iC3b,
and to inhibit neutrophil adhesion and migration over fibrino-
gen-coated surface. The degree of reduction in neutrophil adhe-
sion and migration was in agreement with the affinity of antibody
binding to Mac-1 I domain. Although AM17 was less potent than
AM01 due to lower affinity to Mac-1, conversion of scFv AM17
into bivalent immunoglobulins (IgG) may induce sufficiently po-
tent affinity to Mac-1 with little interaction with inactive Mac-1.

Many mammalian proteins consist of multidomains, some of
which can be expressed separately in a native conformation retain-
ing modular functions. The use of modular domains expressed in
yeast for antibody selection not only overcomes the difficulty with
the functional expression of large mammalian molecules but also
offers the advantage of narrowing antibody epitopes into specific
region to function as agonists or antagonists. Some of the agonistic
antibodies against integrins [such as mAbs KIM127 (39) and CBR
LFA-1/2 (40)] map to a region in the β2 subunit that is buried in an
inactive conformation but exposed in an active conformation.
Therefore, agonistic antibodies can be developed by screening
phage library against the domains or the regions that become

Fig. 6. Evaluation of antibodies in inhibition of neutrophil adhesion and mi-
gration. (A) Activation-dependent binding of antibodies to neutrophils was
examined with immunofluorescence flow cytometry. The histograms repre-
sent antiHis antibody binding with (Filled) and without (Open) antibodies
against Mac-1. (B) The inhibition of neutrophil adhesion to fibrinogen by
antibodies was measured using 96-well V-bottom plate assays. Student’s t
tests were used to determine statistical significance (p < 0.05 for * vs. con-
trol). (C) The migration of neutrophils on fibrinogen-coated surface
after10 nM fMLP activation was recorded and analyzed. Each line represents
the movement of single neutrophils.
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exposed only in an active conformation. Likewise, antibodies
screened against the domains that interact with the ligands may
become antagonist antibodies. Furthermore, by tapping into the
power of directed evolution implemented by the yeast display sys-
tem, the protein domains that undergo conformational change or
exhibit allostery can be stabilized into one conformation for selec-
tion of conformation-specific antibodies. In summary, the strategy
demonstrated in this study can be applicable to the selection of
conformation-specific or activation-dependent antibodies against
human antigens that are hard to express in solution, highly homo-
logous to those in othermammals for immunization, or that under-
go conformational change that needs to be locked into one
conformation by mutations.

Methods
Directed Evolution of Mac-1 I Domain for Active Conformation. Random muta-
genesis library of Mac-1 I domain was constructed according to the published
protocol (SI Methods) (22).

Selection of Reactive Phage Clones. A phage library (2 × 1013 colony forming
unit) of human single chain (scFv) antibody [Tomlison I/J phage libraries (41)]
was incubated in 3mL PBS containing 1mMMgCl2 and 2% instant nonfat dry
milk (Carnation) for 30 min at RT, followed by 30 min incubation at RT with
107 yeast cells expressing unrelated proteins (heat shock factor 1) in 3 mL PBS
containing 1 mM MgCl2. After incubation, cells were spun down and the

supernatant containing unbound phage clones was adjusted with 10 mM
MgCl2, to which 107 yeast cells expressing the active Mac-1 I domain (F302L)
were added. After 30 min incubation at RT, yeast cells were spun down,
washed with PBS with 10 mM MgCl2, and the pellet was treated with
1 mg∕mL trypsin for 10 min at RT to release bound phage from yeast cells.
Phage clones eluted into the supernatant were used to infect Escherichia coli
(TG1) to produce the next round of phage library. The binding of phage
clones to yeast cells was monitored by immunofluorescence flow cytometry
using antibodies against His-tag placed between single chain antibody and
pIII coat protein.

Neutrophil Adhesion and Migration Inhibition Assay. The 96-well V-bottom
plate (Greiner) assay (22) was used to measure the potency of antibodies
in blocking neutrophil binding to fibrinogen (100 μg∕mL). The percent rela-
tive inhibition by antibodies was calculated as 100× (F_antibody - F_BSA) /
(F_max - F_BSA), where F_antibody, F_BSA, and F_max correspond to the level
of BCECF-AM fluorescence from the neutrophils incubatedwith antibody and
BSA, and with maximum centrifugation (873 g), respectively. Cell migration
assay was carried out as previously described (SI Methods) (42).

See SI Text for additional methods, figures, and tables.
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