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Monoclonal Antibodies Specific for B, Integrin and Mucosal
Addressin Cell Adhesion Molecule-1 (MAdACAM-1) Reduce
Inflammation in the Colon of scid Mice Reconstituted with
CD45RBM8" CD4* T Cells’

Dominic Picarella,* Peter Hurlbut,* James Rottman,* Xiaojie Shi,* Eugene Butcher,* and
Douglas J. Ringler*

Mucosal addressin cell adhesion molecule-1 (MAJCAM-1) is an adhesion protein expressed on endothelium in mucosal tissues
that has been shown to play an important role in the selective homing of lymphocytes to intestinal mucosa and associated
lymphoid tissue. To determine whether MAJCAM-1 or its ligand «,8, would be appropriate targets for therapeutic intervention
in gut-associated inflammation, we tested the ability of rat mAbs specific for B, integrin and MAJCAM-1 to inhibit chronic
colonic inflammation in scid mice reconstituted with CD4* T cells enriched for the CD45RB"» subpopulation. Abs specific for
B; and MAdCAM-1 blocked recruitment of lymphocytes to the colitic colon, and more importantly, these Abs significantly
reduced the severity of colonic inflammatory disease in this animal model. Therefore, the adhesive interactions mediated by
@,f; and MAACAM are intimately involved in leukocyte recruitment to gut in chronic inflammatory disease and may be relevant

therapeutic targets for patients with inflammatory bowel disease.

ucosal addressin cell adhesion molecule-1 (MAd-
CAM-1)? is a member of the Ig supergenc family that
is expressed on mucosal endothelium and is involved
in the selective homing of lymphocytes to normal mucosal tissues
(1-3). The lymphocyte receptor for MAACAM, a,fB,, defines a
subpopulation of memory lymphocytes involved in mucosal im-
munity and mediates cell-cell and cell-matrix adhesion, signaling,
trafficking, and regulation of immune responses in mucosal sites,
particularly the gastrointestinal tract, Abs specific for MAJCAM-1
or for its lymphocyte receptor, a,83-, inhibit normal homing of
lymphocytes to the small intestine, Peyer's patch, or mesenteric
lymph nodes (MLN) without inhibiting trafficking to nonmucosal
tissues (3). As such, the adhesive interaction defined by a8,/
MAdJCAM:-| may represent a potent and organ-specific target for
the therapeutic modulation of T cell-mediated inflammatory dis-
eases of the gastrointestinal tract. However, the role of the a,83,/
MAACAM-1 adhesion pathway in the recruitment of lymphocytes
to the large intestine has not been examined, nor has its relevance
been critically examined in inflammatory responses.
Previous studies in the cotton-top tamarin monkey (4, 5) have
demonstrated that functional inhibition of a,f,, using a,- or B+
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specific mAbs, attenuates colonic inflammatory activity. However,
because the a,-specific Ab blocks both a,8, as well as a,83,. and
a,f3; has ligands other than MAdCAM-1, it was not conclusively
demonstrated that efficacy was the result of inhibition of .ct, 8,/
MAdCAM-1 adhesive interactions. To examine this issue, T cell-
mediated colitis was induced in scid mice by reconstitution with
CD4™ T cells enriched for the CD45RB"" subpopulation. Abs
specific for B, and MAdCAM-} together blocked recruitment of
lymphocytes to the colitic colon in an organ-specific fashion and
significantly reduced the severity of colonic inflammatory disease,
The specificity of this treatment for gut-associated mucosal tissue
was further supported by the observation that separate administra-
tion of MAdCAM-1-specific mAbs was sufficient to achieve sim-
ilar anti-inflammatory effects. Therefore, the adhesive interactions
mediated by a,B; and MAJCAM are intimately involved in leu-
kocyte recruitment to gut in chronic inflammatory disease and may
be relevant therapeutic targets for patients with inflammatory
bowel disease.

Materials and Methods

Animals

BALB/cAnNTacfBR female mice (5-6 wk old) and scid female mice
(C.B-17/IcrTac-scidfDF; 4 wk old) were purchased from Taconic Farms,
Inc. (Germantown, NY), and housed under specific pathogen-free condi-
tions in the LeukoSite animal facility.

Isolation of CD45RB"™®" T cells and reconstitution of scid
recipients

BALB/c spleen cells were used as a source of CD4* T cells for reconsti-
tution of scid recipient mice. Briefly, a single cell suspension was prepared
in cold DMEM from several BALB/c spleens. Erythrocytes were lysed in
a solution of 0.17 M ammonijum chloride on ice for 10 min. After washing
in DMEM, the cells were resuspended in warm (37°C) DMEM supple-
mented with 10% FCS and applied to a nylon wool column (pre-equili-
brated at 37°C). After | h at 37°C, the nonadherent population, enriched for
T cells, was eluted with warm DMEM/10% FCS. The cells were counted,
washed, and resuspendced to a density of 10 X 10° cells/ml in MACS buffer
(PBS, 1% BSA, and 5 mM EDTA).

0022-1767/97/$02.00
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The T cell-enriched population was further enriched for CD4* T cells
using a MACS column (type RS 413-01, Miltenyi, Auburn, CA) prepared
in accordance with the manufacturer’s instructions. Briefly, cells were first
reacted with a biotinylated rat mAb mixture consisting of anti-CD8a
(1/1600-2000; clone 53-6.7, PharMingen, San Diego, CA), anti-B220
(171600-2000; clone RA3-682, PharMingen), anti-IA? (1/100-200; clone
39-10-8, PharMingen), and anti-CD1}b (1/100-200; clone M1/70,
PharMingen) for 1 h on ice. The cells were washed, resuspended in 90 i
of buffer/10 X 10° cells, and mixed with 10 ml of streptavidin-conjugated
Microbeads (481-01, Miltenyi)/$0 X 10° cells. The reaction was performed
for 20 min on ice, after which the mixture was applied to the MACS
column. The flow-through population was highly enriched for CD4* T
cells, as demonstrated by FACS analysis. After several washes, the cells
were resuspended to a density of 10 X 10° cells/ml and reacted with FITC-
conjugated anti-CD45RB (1/1000; clone 16A, PharMingen) and phyco-
erythrin-conjugated anti-CD4 (1/2000; clone RM4-5, PharMingen) for 1 h
on ice.

As described in previous reports (6, 7), the CD4SRB™® population was
sorted as the brightest 40 to 45% of the CD4* population, while the
CD45RB™ population was sorted as the dimmest 15 to 20% of the CD4*
population. The sorted populations were subsequently washed with sterile
saline and injected i.v. into recipient mice. The number of cells adminis-
tered to cach mouse varied from 5 X 10* to 1 X 10°, The progression of
disease was monitored as a function of loss of body weight.

Antibodies

YKIX 309.2 (rat 1gG2a anti-canine CD4) (8, 9) and FIB 504 (rat IgG2a
anti-murine 8,) (1) were produced by culture of the hybridoma cells in a
hollow fiber cell bioreactor (Unisyn, San Diego. CA) and purified under
endotoxin-free conditions by protein G affinity chromatography. MECA
367 (rat 1gG2a anti-murine MAdCAM-1) (10) was purified from tissue
culture supernatant under endotoxin-free conditions by protein G
chromatography.

B, /MAdCAM blockade in colitic scid mice

Colitic scid mice, reconstituted with CD45RB™#" T cclls, were selected for
blockade experiments on the basis of a statistically significant loss in body
weight relative to control scid mice reconstituted with CD45RB™™ T cells.
Typically, a statistically significant loss of body weight accurred within 6
to 8 wk of reconstitution, and by 2 to 3 mo, mean body weight had de-
creased by 15 to 25% of the initial or peak weight. Colitic mice (from 2-6
mo postreconstitution) were randomly distributed to different experimental
groups. Analysis of variance was performed to confirm that there was no
significant difference in body weight between experimental groups before
the start of the experiment. Rat mAbs specific for 8, integrin (FIB 504)
and/or MAJCAM-1 (MECA 367) were administered cither by daily i.p.
injection of 100 g cach for a period of 14 days before adoptive transfer
of '"'In-labeled MLN cells or by a single i.v. injection of a mixture of 250
pg of Ab with ''In-labeled MLN celis. An equivalent amount of an iso-
type-matched rat mAb (YKIX 309.2) was administered under identical
conditions and used as a control. Levels of rat IgG in plasma were deter-
mined at the conclusion of the blockade by ELISA and FACS analysis (see
following sections) using TK1 cells and MAdCAM-transfected murine
L1.2 cells,

""1n labeling and adoptive transfer

A single-cell suspension of MLN from BALB/c mice was prepared on ice
in DMEM supplemented with 5% FCS. Erythrocytes were lysed as de-
scribed previously, and the cells were resuspended to 100 X 10° cells/ml
in DMEM plus 5% FCS. ''"'In oxine (7.5 uCi; Amersham MediPhysics,
Woburn, MA) was added for each 50 X 10% cells, and incubation pro-
ceeded for 20 min at room temperature with frequent agitation. The cells
were washed and resuspended to 50 X 10° cells/ml, and 100 wl was in-
jected i.v. into each recipient scid mouse. Tissues were harvested 24 h
postinjection and counted for radioactivity in a Packard Cobra Ii gamma
counter (Packard, Downers Grove, 1L). Peyer's patches were not visible on
a gross level in the small intestine of reconstituted scid mice and were not
excised. Therefore, recruitment of labeled cells to the small intestine would
also include trafficking to these sites. To assess nonspecific deposition of
radiolabeled cells in tissues, some control mice received equal numbers of
labeled cells fixed for 1 h on ice with 10% buffered formalin (Fisher Sci-
entific Co., Fairlawn, NJ)

Histology, immunohistochemistry, and image analysis

For histologic analyses, tissue was fixed in 10% phosphate-buffered for-
malin (Fisher Scientific Co.), routinely processed (Hypercenter, Shandon

Ltd., Pitsburgh, PA), and paraffin embedded. Sections were stained with
hematoxylin and eosin,

Immunohistochemical staining was performed on 6-um frozen sections.
Briefly, tissue was snap-frozen in OCT medium (Miles, Inc., Eikhart, IN)
in dry ice suspended in 2-methylbutane (EM Science, Gibbstown, NIJ).
Desiccated sections were fixed in ice-cold acetone (Fluka, Ronkonkoma,
NY) for 10 min, washed with PBS, and blocked for 30 min at room tem-
perature with PBS supplemented with 1% FCS, 10% normal rabbit serum,
and 5% human AB serum. Sections were incubated ovemnight at 4°C with
primary Ab and devcloped with Super Sensitive Detection Systems
(AAOOO-5T; Biogenex, San Ramon, CA) using alkaline phosphatase-con-
Jugated streptavidin and Fast Red as substrate, supplemented with levarmi-
sole to block endogenous alkaline phosphatase activity, in accordance with
the manufacturer’s instructions.

Quantitative, computer-assisted image analysis was performed on im-
munohistochemically stained, frozen sections using a Leica Quantimet 500
Image Analyzer (Leica, Deerfield, IL). Each section was surveyed in its
entirety using a X 10 objective. The number of immunorcactive cclls was
enumerated on the basis of immunoreactive objects per area or the per-
centage of immunoreactive area in the section, as described
previously (11).

Quantitation of plasma levels of Ab

Circulating levels of rat 1gG22 mAb in plasma were determined by ELISA.
Bricfly, 96-wcll Nunc Maxi-Sorp plates (VWR Scientific Corp.. Bridge-
port, NJ) were coated overnight at 4°C with 10 pg/ml affinity-purified goat
anti-rat IgG (Cappel, West Chester, PA). After blocking for | h at 37°C
(PBS plus 1% BSA), plasma samples (appropriately diluted in PBS plus
1% BSA) were added to wells for 2 h at room temperature. After several
washes, horseradish peroxidase-conjugated mouse anti-rat 1gG (Jackson
ImmunoResearch Laboratories, West Grove, PA) was added for | h at
room temperature, followed by the addition of OPD substrate (Sigmu
Chemical Co., St. Louis, MO) for 10 to 15 min at room temperature. Pu-
rified rat IgG2a (ICN, Costa Mesa, CA) was used as a standard.

Bioactive Ab levels in plasma were determined by FACS analysis.
Briefly, TK1 cells (o, 8,”) or L1.2-MAd7 cells (MAACAM-1") (12) were
blocked with PBS and 2% normal mouse serum (Sigma Chemical Co., St.
Louis, MO) for 30 min at 37°C, washed, and reacted with dilutions of
plasma samples for 1 h on ice in 96-well V-bottom plates (Costar, Cam-
bridge, MA). The cefls were washed and then reacted with 5 pg/ml bio-
tinylated rabbit amii-rat IgG (Vector, Burlingame, CA) on ice for 30 min,
followed by reaction with streptavidin-PE (Southern Biotechnology Asso-
ciates, Birmingham, AL} on ice for 30 min. Purified FIB 504 and MECA
367 were used as standards.

Results

The chronic colitis induced in scid mice reconstituted with
CD45RBM8" T cells is associated with elevated levels of
MAdCAM expression and infiltration of B,* lymphocytes

Within 6 to 8 wk after reconstitution with CD45RB™*", but not
CD45RB™Y, T celis, scid recipient mice experienced a significant
decrease in body weight. As previously described (6, 7, 13, 14),
histologic features of the colon included infiltration of large num-
bers of mononuclear cells in the lamina propria and submucosa,
epithelial immaturity with regions of ulceration, crypt dropout,
loss of goblet cells, and crypt abscesses. MAdCAM-1 expression
and the presence of 3, integrin on infiltrating lymphocytes in the
colon were analyzed by immunohistochemistry. The number of
B77 cells (Fig. 1A) in the lamina propria and submucosa from
colitic mice was similar to the number of CD4" T cells (Fig. 18),
suggesting that many or all of the infiltrating mononuclear cells
expressed B, integrin. MAJCAM-1 expression in colon sections

from scid mice reconstituted with CD45RB'"" T cells was limited .

to weakly immunoreactive venules in the lamina propria (Fig. 1 D).
This pattern and expression level was similar to those of normal
C57Bl/6 mice (not shown). In contrast, in colon sections from scid
mice reconstituted with CD45RB™E" T cells, MAJCAM-1"
venules were more abundant, expressed higher levels of MAd-
CAM-1, and were present in submucosa, tunica muscularis, and
lamina propria (Fig. 1C). Therefore, disease in colitic scid mice
reconstituted with CD4* CDASRB"" T cells was associated with
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FIGURE 2. Assessment of 8,/MAdCAM-1 blockade in scid mice by adoptive transfer of '''In-labeled MLN cells. Results for all tissues except
spleen are expressed as a mean percentage (counts per minute for each tissue/counts per minute spleen) — background * SEM. Results for the
spleen are expressed as the percentage of input counts per minute ~ background * SEM. Tissues were harvested and counted for radioactivity
24 h post-adoptive transfer. Statistical significance was determined using one-tailed Student’s ¢ test (*** indicates p<0.002;**, p<0.005;* p<
0.05). A and 8, mAb blockade in colitic scid mice (2-6 mo postreconstitution). One group (n = 5; mean loss of body weight (MLBW), 26.9% less
than the control value) received a combination of FIB 504 (8,-specific) and MECA 367 (MAdCAM-specific), while a colitic contral group (n = 5;

- MLBW, 24.7% less than the control value) received an isotype-matched control Ab (YKIX 309.2) as described in Materials and Methods. Another
control group consisted of mice reconstituted with CD45RB'* T cells (n = 4) that did not develop colitis. All mice were given daily i.p. injections
of Abs for a period of 2 wk. "' 'In-labeled MLN cells (5 X 10°) were administered i.v. after treatment was completed. Recruitment of radiolabeled
MLN cells to colon in colitic scid mice was increased 8.2-fold relative to rectuitment in noncolitic control mice. C, Effect of a single dose of Ab
administered with adoptive transfer of 5 X 10® '"In-labeled cells. Colitic scid mice were injected i.v. with labeled cells combined with 250 ug
of Rat igG2a control Ab (n = 4; MLBW, 26.3% less than controls), FIB 504 (n = 5; MLBW 27.3% less than the control value), or MECA 367 (n =
5; MLBW, 29.1% less than the control value). Noncalitic scid mice were used as a control (n = 5). Recruitment of radiolabeled MLN cells to colon
in colitic scid mice was increased >40-fold relative to recruitment in noncolitic control mice.

shown). Using quantitative adoptive transfer of '''In-labeled
MLN, recruitment of lymphocytes to the colon in colitic scid
mice treated with an isotype-matched control Ab was signifi-
cantly increased (typically 10- to 50-fold) relative to the basal
level of recruitment to the colon in noncolitic scid mice recon-
stituted with CD4SRB"™ T cells (p < 0.002; Fig. 24). In-
creased recruitment was only observed in the involved colon

and the draining MLN (p < 0.05; Fig. 2B) and not in the small
intestine or nonmucosal tissue, such as inguinal lymph node or
spleen (p > 0.1; Fig. 2B). Treatment of colitic scid mice with
a combination of 8,- and MAdCAM-specific rat mAbs inhibited
recruitment to the colon by 72% (p < 0.005; Fig. 24). When
the efficacy of 8,- and MAdCAM-1-specific mAbs was evalu-
ated independently following a single i.v. injection of labeled
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FIGURE 3. B,/MAJCAM-1 blockade in colitic scid mice reduces the number of CD4* T cells in the lamina propria and submucosa. Computer-
assisted image analysis was used to assess the relative numbers of CD4" cells in frozen sections of left and right colons of mice treated with a
combination of FIB 504 (8,-specific) and MECA 367 (MAJCAM-specific) or isotype-matched control Ab (YKIX 309.2). Sections were stained for
CD4 using a biotinylated rat anti-mouse CD4 (clone AMS0409, Biosource, Camarillo, CA) and developed using a Fast Red detection system
(BioGenex). Results are expressed as the mean number of CD4* cells per square micron of tissue area + SEM (n = 4), Statistical significance was

determined using one-tailed Student’s ¢ test.

cells and Ab, recruitment to the colon was inhibited by 97 and
98%, respectively (p < 0.05: Fig. 2C).

Blockade of B, integrin and MAJCAM reduces the severity
of colitis in scid mice

Tissue sections from colitic animals given mAbs specific for 8,
and/or MAdCAM-1 were examined microscopically to assess
whether inhibition of leukocyte recruitment was associated with
histologic improvement of inflammatory activity. First, quantita-
tive image analysis of frozen colonic sections was used to measure
the number of infiltrating CD4™* T cells in the mucosa and sub-
mucosa of animals in all experimental groups. In colitic scid mice
given an irrelevant, isotype-matched mAb, the number of CD4* T
cells was increased 8.5- and 3.5-fold in the left and right colons,
respectively, compared with that in noncolitic scid mice reconsti-
tuted with CD45RB™Y, CD4™ T cells (Fig. 3). Treatment of colitic
scid mice with a combination of B,- and MAdCAM-specific Abs
reduced the number of T cells in the left and right colons by 67%
(p < 0.036) and 72% (p < 0.002), respectively (Fig. 3). Treat-
ment with either Ab alone resulted in a similar reduction in the
number of CD4" T cells in the colon, which achieved statistical
significance with the MAdCAM-1-specific Ab, but not the B,-
specific Ab (not shown).

To determine whether a blockade of CD4* B7* lymphocyte
recruitment with B8,- and/or MAdCAM-specific Abs was associ-
ated with improvement of colitis, a histologic scoring system was
developed (Table T) and used to assess lesion severity in the epi-
thelium, lamina propria/submucosa, and tunica muscularis of each
section.

Mild lesions (score of 1) were characterized by focal to diffuse
infiltration of the lamina propria/submucosa, with mononuclear
cells consisting primarily of lymphocytes, occasional monocytes,
macrophages, and rare multinucleate giant cells. The colonic epi-
thelium overlying these areas was histologically normal, consisting
primarily of goblet cclls, enterocytes, and rare intraepithelial lym-
phocytes. In animals with moderate lesions (score of 2), the co-
lonic mucosa was diffuscly thickened. The mononuclear infiltrate
caused focally extensive to diffuse expansion of the lamina propria

Table I. Histologic scoring system

Score Severity Criteria
Epithelium
0 Normal 0-2 Leukocytes”/HPF”: normal mature
goblet cells
1 Mild 3-10 Leukocytes/HPF; increased mitotic
figures and immature crypt enterocytes
2 Moderate 10" Leukocytes/HPF; rare crypt abscesses
3 Severe 10* Leukocytes/HPF; fusion of crypts,

muitiple crypt abscesses and/or mucosal
ulceration

Lamina propria/Submucosa

0 Normal Widely scattered leukocytes _

1 Mild Facal aggregates of leukocytes without
expansion of lamina propria

2 Moderate Diffuse leukocyte infiltration with expansion
of the lamina propria, and/or focal
bridging of the basement membrane

3 Severe Diffuse leukocyte infiltration with extensive

bridging of the basement membrane

Tunica muscularis

0 Normal Widely scattered leukocytes

1 Mild Widely scattered leukocyte aggregates
between muscle layers

2 Moderate Leukocyte infiltration with focal effacement
of the muscularis

3 Severe Extensive leukocyte infiltration with

transmural effacement of the muscularis

“ The leukocytes observed were principally lymphocytes, with lesser num-
bers of macrophages, plasma celis, and rare multinucleate giant cells. However,
within and adjacent to areas of mucosal ulceration and fistulas, neutrophils were
commonly observed. -

® HPF, high power (40X) field.

and submucosa and compression of colonic crypts. The thickened
mucosa was lined primarily by immature enterocytes characterized
by cytoplasmic basophilia, numerous mitotic figures, and rela-
tively few goblet cells. A greater number of intraepithelial lym-
phocytes was also present. With increasing lesion severity, the
colonic mucosa was massively thickened, and the expanding
mononuclear infiltrate bridged the epithelial basement membrane,
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FIGURE 4. Histologic assessment of the severity of lesions from the left (A) and right (B) colons of scid mice reconstituted with CD45RB"&" T
cells and treated with FIB 504 (8,-specific), MECA 367 (MAJCAM-1-specific), both in combination, or an irrelevant, isotype-matched control Ab
(rat IgG2a). Results are expressed as the mean score of three sections per mouse, with four mice per treatment group, * SEM (n = 4). Statistical

significance was determined by one-tailed Student's ¢ test.

causing effacement of colonic crypts, which resulted in crypt ab-
scesses and crypt dropout. In more severe lesions, lymphocytes
extended transmurally to the peritoneal surface, resulting in focally
extensive effacement and necrosis of the tunica muscularis. The
most severe lesions observed (score of 3) were fistulas character-
ized by colonic epithelial ulceration, transmural pyogranulomatous
inflammation and necrosis, and localized peritonitis. While many
of the colonic lesions were characteristic of ulcerative colitis, the
presence of transmural fistulas and pyogranulomatous inflamma-
tion in some of the lesions was more characteristic of Crohn’s
disease.

The colonic epithelium of animals treated with Abs specific for
B and/or MAACAM tended to be well differentiated and was char-
acterized by fewer intraepithelial lymphocytes, crypt abscesses,
and/or ulcers relative to epithelium from colitic control animals,
resulting in statistically lower epithelial scores in all treatment
groups in the left colon relative to epithelium from control colitic
animals (Fig. 44). In the right colon, a statistically significant ef-
fect of Ab treatment was achieved only for the combination of 8-
and MAdCAM-specific Abs (p < 0.039; Fig. 4B8). In addition,
mice treated with B, and/or MAdCAM-specific Abs had less
mononuclear infiltration in the lamina propria and submucosa,
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resulting in statistically lower histologic scores in the left (Fig. 4A;
all treatment groups) and right colon (Fig. 4B; B,-specific, p <
0.005; combination, p < 0.003) relative to those in colitic control
mice (CD45RB™#"/Rat IgG2a). Overall, treated animals had lower
total scores than control animals, suggesting that treatment with
B- or MAGCAM-specific Abs alone or in combination resulted in
significant, albeit incomplete, reduction in colitic lesions.

Despite this improvement, no increase in body weight or reso-
lution of rectal prolapse was observed in animals treated with
mADbs specific for 8, and/or MAACAM (not shown). Treatment of
colitic scid mice (2-6 mo postreconstitution) for 8 wk with sul-
fasalazine (100 mg/kg/day, orally) or with methylprednisolone ac-
etate (Depo Medrol; 25 mg/kg/2 wk, s.c.) also failed to increase
body weight (not shown). However, this treatment failed to result
in significant histologic improvement in the severity of lesions in
the colons of colitic scid mice (not shown). Collectively, these
results suggest that treatment with 8,- or MAJCAM-specific Abs
is effective at limiting colonic inflammation without inhibiting nor-
mal trafficking to nonmucosal tissues.

Discussion

Previous studies of lymphocyte trafficking to murine mucosal tis-
sue demonstrated that Abs specific for MAdCAM-1 (3, 10) or for
@, or B, integrins could block homing of lymphocytes to Peyer’s
patch and normal small intestinal lamina propria, but not peripheral
lymph nodes (3, 15-17). In contrast, Abs specific for a,8, or its
vascular ligand, vascular cell adhesion molecule-1, did not affect
homing of lymphocytes to mucosal sites (3). The objective of this
study was to examine the role of a,8; and, specifically, MAJCAM-1
in lymphocyte homing to inflamed colon and to determine whether
blockade of a,B,- and/or MAJCAM-1-mediated adhesion could in-
fiuence the extent of chronic colonic inflammatory disease. The colitis
induced in scid mice reconstituted with CD4SRB"&" CD4™ T cells
provided an excellent model to address these questions, as the colitic
lesions are histologically similar to those observed in human inflam-
matory bowel disease, and unlike a number of other murine models
of inflammatory bowel disease. the disease in the scid model is
clearly T cell dependent and transferrable by T celis.

While 8, is involved in many aspects of lymphocyte function
among memory and effector lymphocytes, it is expressed prefer-
entially by, and indeed may in part define by virtue of its role in
mucosal homing, those lymphocytes involved in mucosal immune
responses (18-21). In addition, the 3, integrin chain associates
with a second a-chain, ae, expressed at high levels by mucosal
intraepithelial lymphocytes (22, 23). Thus, B,-specific mAbs may
have diverse effects on mucosal immune activities in addition to
the effects on lymphocyte recruitment from the blood. On the other
hand, MAdCAM-1 is, to date, thought to participate primarily, if
not exclusively, at the level of lymphocyte extravasation. Collec-
tively, therefore, the observed anti-inflammatory effects of - or
MAdCAM-1-specific mAbs suggest that inhibition of recruitment
may be at least one critical element in the therapeutic effects ob-
served in the present studies.

Based on quantitative inhibition of lymphocyte trafficking with
B5- or MAdCAM-]-speciﬁc mADbs, alone or in combination, our
results suggest that MAdCAM-1 is an important ligand in directing
the recruitment of lymphocytes bearing the a,f, integrin to the
large intestine in mice with severe colitis. The effect of Ab treat-
ment was specific for recruitment to mucosal tissue, since recruit-
ment of '''In-labeled lymphocytes to peripheral lymphoid tissue,
such as inguinal lymph node and spleen, was not inhibited. In
addition, treatment of severely colitic mice with Abs specific for
either B, or MAdCAM-1 ameliorated histologic changes associ-
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ated with colitis, based upon quantitative analysis of the number of
CD4™ T lymphocytes in the colonic mucasa and histologic assess-
ment of mucosal inflammatory changes.

Although daily administration of Ab for 14 days was sufficient
to maintain plasma concentrations of biologically active Ab well
above the minimum amount necessary to inhibit static binding of
a recombinant murine MAdCAM-C, chimeric protein to TK1 cells
in vitro and inhibit recruitment of '''In-labeled mononuclear cells
from blood to colon, complete resolution of microscopic lesions in
the colons of treated mice did not occur, nor did this treatment
affect the loss of body weight associated with colitis in this model.
Treatment of colitic scid mice with sulfasalazine or methylpred-
nisolone acetate (Depo Medrol) also did not result in a significant
increase in body weight. There are several possible explanations
for these results. Although significant inhibition of recruitment of
lymphocytes to colitic colon is observed following a 14-day Ab
blockade, it is possible that a minor subpopulation of leukocytes,
capable of sustaining ongoing inflammatory activity, requires
higher concentrations of Ab to completely inhibit extravasation
into colonic mucosa under shear conditions of blood flow in vivo.
Alternatively, the efficacy of the Ab blockade may be limited to
inhibition of extravasation of circulating leukocytes and may have
only limited activity with regard to local proliferation of lympho-
cytes in the colonic mucosa and submucosa. As these lymphocytes
may have a life span longer than the treatment course, a longer
duration ot Ab administration may be required for more complete
resolution of colitic lesions. Finally, local production of cytokines
by @B, leukocytes in response to an environmental insult may
play an important role in mediating tissue damage in this model.

While the failure of the Ab therapy to significantly affect the loss
of body weight in this model is most likely due to incomplete
resolution of the colitic lesions, the extent to which weight loss in
this model is related to colitic activity is uncléar. Previous studies
with this model have demonstrated that Abs specific for TNF-a or
IFN-v, administered at the time of reconstitution, inhibit the severe
loss of weight that accompanies the colitis, although such treat-
ment does not preserve normal weight (14). While this result sug-
gests that cytokines such as TNF-a or IFN-y may play an impor-
tant role in the development of cachexia in this model, the relative
tissue distribution of cells actively producing these cytokines has
not been described. Therefore, weight loss in this model may be
related to systemic manifestations of lymphocyte reconstitution,
only part of which involves inflammatory activity in the colon (6,
7, 13, 14, 24, 25).

This study represents the first demonstration that treatment with
a MAJCAM-1-specific Ab is as effective as a B,-specific Ab in
blocking recruitment of lymphocytes to the colon in colitic ani-
mals. Collectively, the results of this study suggest that a,8, and
MAdCAM-1 are intimately involved in the pathogenesis of co-
lonic inflammation and, thereby, may represent potential therapeu-
tic targets for novel approaches to the clinical management of pa-
tients with T cell-mediated inflammatory conditions of the
gastrointestinal tract.
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p7 INTEGRINS CONTRIBUTE TO SKIN GRAFT REJECTION

XUEYING SUN, Y2 HAIQUAN QI40,"® JINYANG SHI,™* JAGAT R. KANWAR,' WERNER MUELLER,®

Background, Because integrins 487 and «Ef7 con-
tribute to epidermotropism of T-cells during skin in-
flammation, we sought to study their role in skin allo-
graft rejection, :

Methods. Wild-type (WT) (87+/*) and B7 gene knock-
out (87 C57BL/6 (H-2°) mice and SJL/J (H-2°) mice
served as donors and recipients of allogeneic skin
grafts. An anti-integrin g7 subunit mAb (FIB504.64)
was used to treat WT g7+* C57BL/6 recipients of skin
grafts from SJL/J mice.

Results, WT C57BL/6 recipients acutely rejected skin
from SJL/J mice in 18 days. In contrast, the survival of
SJL/J skin on either B7" gene knockout or WT
C57BL/6 recipients treated with anti-g7 subunit mAb,
was prolonged by 6 to 7 additional days (P<0.01), The
survival of skin allografts from either 877 or p7*/*
CB57BL/6 mice received by SJL/J recipients was not
prolonged (P>0.05).

Conclusions. 7 integrins contribute to skin graft
rejection, in accord with their role in mediating the
epidermotropism of T-cells during skin inflammation.

The 87 integrin «4p7 contributes to lymphocyte infiltra-
tion into chronically inflamed tissues by mediating lympho-
cyte adherence to high endothelial venules at chronically
inflamed sites by means of its preferred ligand mucosal ad-
dressin cell adhesion molecule-1 (MAdCAM-1), whereas
aEB7 mediates the adhesion of intraepithelial lymphocytes
to intestinal epithelia by an interaction with E-cadherin (1).
The progression of type 1 diabetes and experimental autoim-
mune encephalomyelitis can be inhibited by antibody block-
ade of B7 integrins, or MAACAM-1 (2-4), suggesting that g7
integrins play critical roles in mediating autoimmune inflam-
matory diseases.

Ultimately, allografts are rejected in 82 integrin-deficient
cattle with leukocyte adhesion deficiency syndrome (5), sug-
gesting that o4 and p7 integrins might be partly responsible
for graft rejection. Blockade of a4 integrins with CS-1 pep-
tides synergized with rapamycin to prevent the chronic re-
jection of cardiac allografts (6). Similarly, mAb blockade of
vascular cell adhesion molecule-1 (VCAM-1), a vascular li-
gand for a4 integrins, promoted the long-term survival of
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cardiac allografts (7). «EB7 is specifically upregulated by
activated intratubular T-cells in acute renal allograft rejec-
tion, suggesting it might contribute to specific tissue damage
(8), Given the latter findings, and the success of anti-B7
integrin blockade in attenuating inflammation in a number
of autoimmune diseases, we sought to determine whether
blockade of 87 integrins would inhibit the rejection of alloge-
neic skin grafts.

Eight- to ten-week-old mice of three different strains,
namely integrin B7+/* wild-type (WT) C67BL/6 (H-2"), 877
gene knock-out C67BL/6, and SJL/J (H-2%), were used. Do-
nors and recipients were always of the same sex, and each
group had similar proportions of males and females. Full-
thickness 1-cm? skin grafts that had been harvested from the
tails of donors were implanted into graft beds on the thoracic
wall of the recipients, in accordance with Animal Ethics
Committee Approval (University of Auckland). The experi-
mental endpoint was recorded when less than 26% of the
graft remained, Results were either expressed as the median
graft survival time (MST) or the percentage graft survival
(percentage of mice having 25% or more donor tissue). Re-
maining graft tissue was serial sectioned (6 um thick) and
stained with hematoxylin-eosin. For antibody blockade, WT
B7*/* CBTBL/B recipient mice were injected intraperitone-
ally with 200 pg of anti-B7 mAb FIB504.64 on days 0, 2, and
4. Results were statistically compared using a nonpaired
Student ¢ test and a log-rank test. A mixed lymphocyte reac-
tion (MLR) was performed by the culturing of 5 x 10° re-
sponder splenocytes with an equal number of stimulator
splenocytes previously treated with 50 pug/mL mitomycin C.
Proliferation was assessed after 3 days by measuring incor-
porated (°H) thymidine. The stimulation index equalled the
counts per minute of MLR divided by the counts per minute
of responder cells in the absence of stimulators.

Full mgjor histocompatibility complex-mismatched heter-
otopic skin transplantation was performed using SJL/AJ (H-
2°) mice as skin donors and WT (87+*) or 77 gene knock-
out C57BL/6 (H-2P) mice as recipients. Table 1 shows that
WT C57BL/6 recipients acutely rejected SJL/J donor skin
grafts between 10 and 14 days posttransplantation. The
grafts had an MST of 13 days (range 10—14) and were infil-
trated with mononuclear cells (data not shown). In contrast,
the g7 gene knockout recipients showed delayed rejection,
such that SJL/J skin grafts were rejected within 16 to 23
days, with an MST of 20 days (P<0.01) (Table 1). To confirm
these results, WT' C57BL/6 recipients were injected thrice
with the anti-integrin 87 subunit mAb FIB 504.64, on days 0,
2, and 4. MST was delayed to 19 days (range 16-20)
(P<0.01), compared with 13 days (range 10-14) in control
untreated mice, There was no significant difference (P>0.05)
in the MSTs for the antibody-treated group versus the g7
gene knockout group. To investigate a potential graft versus
host reaction, skin transplantation was performed using
SJL/J mice as recipients and WT (87*/*) or 7" gene knock-
out C67BL/6 (H-2") mice as donors. SJL/J recipients simi-
larly (P>0.05) rejected both WT and 877 gene knockout

Copyright © Lippincott Williams & Wilkins, Unauthorized reproduction of this article is prohibited.
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TABLE 1, Survival of skin allografts

Group? Doner Recipient Treatment Graf(td:\;gwal Met::as;ngv;]l);nme P
1 SJLA WT C57BL/6 none 10,10,11,11,18,13,13,14,14,14 13 (+1.6)
2 SIS B7"' C57BL/6 none 16,19,20,20,20,20,22,23,23,23 20 (+2.2) <0.001%
3 SJLI WT C57BL/6 anti-g7 mAb 16,17,19,20,20 19 (+1.8) <0.001%; 0.068°
4 WT Cb57BL/6 SJLA none 16,17,17,18,20 17 (+1.5)
B g1/~ C57BL/6 SJILN none 18,19,19,20,21 20(+1.1) 0.069¢

“ The proportion of female mice in each group=group 1 (6/10), group 2 (6/10), group 3 (3/5), group 4 (3/5).

% Compared with group 1.
¢ Compared with group 2.
4 Compared with group 4.
Abbreviation: WT, wild-type.

ChTBL/6 skin grafts with MSTs of 17 and 20 days,
respectively.

MLRs were performed using splenocytes from WT (87+/*)
and B77 gene knockout C67BL/6 mice as both stimulators
and responders, together with splenocytes from SJL/J mice.
Splenocytes from 877 gene knockout mice generated slightly
weaker responses than those of WT mice (P<0.05) (Fig. 1).
Anti-g7 mAb blockade of responder WT splenocytes inhibited
the MLR response to the level exhibited by responders from
B7”" gene knockout mice. Surprisingly, 7 stimulator
splenocytes were slightly less efficient at inducing the prolif-
eration of WT responders, suggesting that g7 integrins may
be required for cell conjugate formation to enable T-cell
costimulation,

This study shows that while B7 integrins are not essential
for the rejection of skin allografts in mice, they nevertheless
contribute to rejection. The B7 integrins appear to play only
a minor role in activating antigraft T-cells and probably have
a major role in vivo in mediating leukocyte infiltration into
grafts. This is in accordance with previous studies, showing
that 877 lymphocytes transmigrate poorly into gut-associ-
ated lymphoid tissue or the central nervous system in exper-
imental autoimmune- encephalomyelitis (4, 9). Thus, al-
though cutaneous lymphocyte antigen is important for
T-cells to extravasate from blood into skin during normal
immunosurveillance (10), 7 integrins appear to play key
roles in the migration of lymphocytes to inflamed skin. In
accord, 487 and «EB7 integrins are expressed on epidermo-
tropic T-cells in cutaneous T-cell lymphoma and spongiotic
dermatitis, and the g7 integrin ligand VCAM-1 is up-regu-

Besponder Stimutaor Treptment
WT C57BL/6 s
P7* CSTBLIS S .
WT CS7BL6 s Anbi-B7 mAb
s WT Cs7BLIS -
SIL/} p7+C5IBUS
] 1 2 3 ‘ s ¢ ?
Stimulation Index

TFIGURE 1. B7 integrins contribute weakly to mixed lympho-
oyte responses. Responder splenocytes (5 x10°) were incu-
bated for 3 days in the presence of 5 x10° mitomycin C-
treated stimulator splenocytes. For antibody treatment, the
anti-integrin g7 subunit mAb was added at 1 pg/well. Data
are representative of four separate experiments, * P<0.05.

lated on microvascular endothelial cells in skin lesions (11).
The expression of «EB7 is markedly upregulated on skin
T-cells in atopic dermatitis (12), and the «E7 ligand E-
cadherin is found on epithelial cells in the skin (13).
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Structure-Function Analysis of the Integrin B, Subunit
Identification of Domains Involved in Adhesion to MAdCAM-17-2

Mark Tidswell,** Russell Pachynski,* Steve W, Wu,* Shi-Qiang Qiu,* Elizabeth Dunham,*
Nancy Cochran,” Michael ). Briskin,* Peter ). Kilshaw,* Andrew I. Lazarovits,’
David P. Andrew,? Eugene C. Butcher,! Ted A. Yednock,” and David }. Erle*

B; integrins serve special roles in mucosal immunity. a,B,-mediated adhesion to mucosal addressin cell adhesion molecule-1
(MAJCAM-1) directs lymphocyte homing to the gut, and a8, mediates binding of lymphocytes to E-cadherin on epithelial cells.
Since a,f, mediates adhesion to MAdCAM-1 but a,B, does not, we used 8,/8, chimeras to directly assess the importance of
specific regions of B, in MAACAM-1 binding. We found a region of 8, (residues 46-386) that accounts for specificity of a,8,
binding to MAdCAM-1. We also used human/mouse and human/rat chimeric 8, subunits to map epitopes recognized by fifteen
anti-B, mAbs. Six of seven Abs that block adhesion to MAdCAM-1 and E-cadherin (Fib 21, 22, 27, 30, 504; Act-1) mapped to
amino acid residues 176-250. Residues 176250 lie within the region of B, that specifies MAdCAM-1 binding and also within
a region that has a predicted structure homologous to the metal ion-dependent adhesion site (MIDAS) domains of the integrin
subunits o, and a,,. Three new Abs that recognize B, in the presence of Mn?*, but not Ca*, and promote adhesion to
MAdCAM-1, mapped to amino acids 46-149. One blocking and five other Abs mapped to other regions (amino acids 387-725).

We conclude that a MIDAS-like domain serves a critical role in B, integrin-mediated adhesion.

1997, 159: 1497-1505.

cell-cell and cell-extracellular matrix interactions. The B in-
tegrin subfamily has two known members: «,8, and agf,.
These B, integrins are expressed primarily by leukocytes and have
helped define roles of specialized subsets of lymphocytes (see be-
low). B, integrins are unique among known integrins in their abil-
ity to recognize certain ligands expressed on the surface of endo-
thelial and epithelial cells in mucosal organs. Analyses of the 3,,
B>, and B; integrins have begun to provide some insights into the
structural basis of integrin-ligand interactions. However, relatively
litle information about the structural basis of @,B,- and agB,-
mediated interactions with their unique ligands has been available.
a,f3; is a lymphocyte homing receptor and plays a crucial role
in the migration of these cells to the intestine and associated lym-
phoid tissue, such as Peyer’s patches. a,8, mediates adhesion to a

I ntegrins are heterodimeric adhesion receptors that mediate
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ligand on Peyer’s patch high endothelial venules (HEV?) (1). The
ligand on Peyer's patch HEV is MAdCAM.-1, a glycoprotein in the
Ig superfamily (2-4). MAACAM-1 is expressed on Peyer’s patch
HEV, mesenteric lymph node HEV, and lamina propria venules
within the gut (5, 6). Abs against a, or 3, subunits inhibit attach-
ment of circulating lymphocytes to Peyer’s patch HEV in vivo (7,
8). Mice that are deficient in 3, expression have a marked reduc-
tion in the number of lymphocytes in Peyer’s patches and the in-
testine but normal numbers of lymphocytes in other organs (9).
Memory T cells that recirculate preferentially to intestinal tissues
express high levels of a,f,, whereas those that recirculate to other
organs are mostly a,8,” (10). These a,, ~ memory T cells ex-
press a related integrin, a8, (11-13). a,B; is not able to mediate
cell adhesion to MAdCAM-1, although both o8, and «,8, can
mediate adhesion to VCAM-1 and fibronectin (4, 12, 14, 15).

Integrin g3, mediates interaction of T cells with epithelial cells
at mucosal surfaces. agf3, recognizes E-cadherin, an epithelial cell
protein that has structural similarity to Ig superfamily adhesion
molecules (16-19). Interaction of agfB, with E-cadherin is likely
to be important in retention, migration, and proliferation of intra-
epithelial T cells.

Some information about the structural basis of 3, integrin func-
tion has come from the analysis of anti-8, mAbs. Competitive Ab
binding analysis indicates that Abs that block 8,-mediated adhe-
sion can be assigned to at least five distinguishable (although not
completely independent) epitopes (20). This finding is not surpris-
ing in light of studies of other integrin 8 subunits, which also
reveal the involvement of multiple regions in ligand interactions
(see Discussion). The locations of antigenically and functionally
defined epitopes within the 3, amino acid sequence have not been
previously identified.

* Abbreviations used in this paper: HEV, high endothelial venule; MAdCAM-1,
mucosal addressin cell adhesion molecule-1; MIDAS, metal ion-dependent ad-
hesion site; CLIBS, cation- and ligand-influenced binding sites.
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We performed a structure-function analysis of the 3, subunit by
constructing, expressing, and characterizing 8, chimeras. We con-
structed B./8, chimeric subunits by replacing regions of the B,
subunit with homologous regions of 8. This resulted in the iden-
tification of regions of the B, subunit that account for the
MAdCAM:-1 binding specificity of the a,B; integrin. We subse-
quently used human/mouse and human/rat chimeric 8, subunits to
localize the epitopes recognized by adhesion blocking and non-
blocking Abs. We also produced and mapped three new anti-8,
Abs that promote adhesion and recognize epitopes of 8, that are
influenced by cation. Results from these analyses point to the im-
portance of a putative metal ion-dependent adhesion site (MIDAS)-
like region of the B8, subunit in a,f3, interaction with MAdCAM-1.

Materials and Methods
Cells

K562 human erythroleukemia cells (a,~, B,”, B8,*; American Type Cul-
ture Collection, Rockville, MD; CCL 243) and RPMI 8866 B lymphoma
celis (a,B;", B, ~; (12, 21)) werc maintained in RPMI 1640 supplemented
with 10% FCS, penicillin, streptomycin, and glutamine. 293 human kidney
cells (ATCC CRL-1573) and TK-1 mouse lymphoma cells (1) were main-
tained in DMEM supplemented with 10% FCS, penicillin, streptomycin,
and glutamine.

Antibodies to human and mouse 8,

The mouse anti-human B, integrin subunit Abs 2G3, 2B8, and 10F8 were
raised against a,8, integrin immunopurified from lysates of RPMI 8866
cells using the anti-a, integrin Ab GG5/3. Mice were immunized as pre-
viously described (22). Hybridoma supernatants were screened for differ-
ential reactivity with RPMI 8866 cells in the presence and absence of
Mn?*. The rat monoclonal anti-8, Abs Fib 21, Fib 22, Fib 27, Fib 30, Fib
504, and LS722 (15, 20) have been previously described. The rat anti-f3,
Abs M293, M298, M300, and M301 have been described elsewhere (23).
Production of the mouse mAb Act-1, which recognizes human a,f8; (11),
has been described (24). Hybridoma supematants or purified IgG prepara-
tions were used for flow cytometry and adhesion assays.

Integrin cDNAs

Human cDNAs encoding the B,, B,, and a, integrin subunits have been
previously described (25-27). Three nonoverlapping cDNA fragments
spanning the entire mouse 3, open-reading frame were produced by RT-
PCR from TK-1 cell RNA using oligonucleotide primers modeled after the
previously reported mouse 3, sequence (28). A silent mutation that pro-
duced an Miul site at nucleotide 532 was incorporated into the primers to
facilitate chimera production. A fragment of rat 8, cDNA homologous to
nucleotides 585-1265 of human 8, cDNA was produced by homology
PCR. Mixtures of oligonucleotide primers were designed based on con-
served portions of the human and mouse 3, sequences. The forward primer
mixture was 5° AATTAATCTAGATGGAYCTNAGNTAYTCNATGAARG
AYGA ¥, and the reverse primer mixture was 5' AATTAAGAATTCRTCC
ATDATNAGYTGNACNACRTT 3’, where D indicates A, G, or T; N indi-
cates A, C, G, or T; R indicates A or G; Y indicates C or T; and underlining
indicates Xbal and EcoRlI sites introduced to facilitate cloning of PCR prod-
ucts. These primers were used to amplify cDNA prepared using RNA purified
from Sprague Dawley rat splenocytes. The sequences of the cloned mouse and
rat cDNA fragments were determined after subcloning into pBluescript. The
mouse fragment sequences agreed exactly with the previously reported mouse
B; cDNA sequence (28). The rat 3, partial cDNA sequence has been submit-
ted to GenBank (accession number AF003598).

Construction of chimeric and mutant cDNAs

Construction of chimeric cDNAs involved the use of naturally occurring
restriction sites and additional restriction sites introduced by incorporation
of silent mutations into PCR primers and the use of splice overlap exten-
sion PCR. Restriction sites allowed for joining of portions of 8, cDNAs at
three sites (site numbers specify the amino acid residue corresponding to
the restriction site); residue 170 (Mlul), residue 381 (Bcll), and residue 554
(Sacl). To join B, cDNAs at other sites, and to construct 8,/8, chimeras,
splice overlap extension PCR was.used (29). This technique was also used
to generate point mutations at residue 250 of the human and mouse B,
subunits (see Results). PCR was performed using Tag polymerase (Pro-
mega, Madison, WI), Pfu polymerase (Stratagene, La Jolla, CA), or a mix-
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ture of Pfu and KlenTaq (Ab Peptides, St. Louis, MO) according to the
manufacturers’ instructions.

Expression of integrin cDNAs in K562 cells

Eight million K562 cells in log growth phase were cotransfected with 25
ng of pCDMS8-a, and 5 pg of pBK-neo (Stratagene, La Jolla, CA) by
electroporation (950 pF, 200 V, 13 (); Electro Cell Manipulator 600, BTX,
San Diego, CA). Stable clones of K562-a, transfectants were produced by
limiting dilution cloning following selection in medium containing G418
(Life Technologies, Grand Island, NY) at 500 pg/ml. K562-a, cells were
then retransfected with human 8,, mouse §8,, or 8, subunit chimeric cDNA
subcloned into the pCEP4 expression vector (Invitrogen, San Diego, CA)
using the same electroporation protocol (25 ug plasmid per transfection).
Stable transfectants were selected in medium containing hygromycin (Cal-
biochem, La Jolla, CA) at 500 ug/mt. K562-a,hf3, and K562-a,mf, cells
were cloned by limiting dilution. Where necessary, other transfected cells
were enriched for chimeric 8, expression by positive selection of Fib 504-
labeled cells using magnetic beads coupled to sheep anti-rat IgG (Dynal
Inc., Lake Success, NY).

Transient expression of chimeric B, subunits in 293 cells

For two chimeric 8, subunit cDNAs, hB,(170-231Am) and hB,(231-
554Am), transient expression was used to analyze Ab recognition. 293
cells were cotransfected with t ug each of pCEP4-«, and pCEP-chimeric
B, using Lipofectamine (Life Technologies) according to the instructions
of the manufacturer. Surface expression was analyzed after 24 to 48 h using
flow cytometry.

Construction and purification of human MAJCAM-1 IgG
fusion protein

Human MAJCAM-1 c¢cDNA (6) was used as a template for PCR amplifi-
cation of the entire extracellular region of human MAdCAM-1 using the
forward primer 5' GGAAGCTTCCACCATGGATTTCGGACTGGCCC
3 and the reverse primer 5’ GGACTAGTGGTTTGGACGAGCCTGTTG
3', where underlining indicates HindIIl and Spel sites introduced to facil-
itate cloning. A 1-kb fragment encompassing the CH1, H, CH2, and CH3
regions of human IgG1 was isolated from a humanized CD18 heavy chain
clone (30) by excision with Spel and EcoRI. This constant region fragment
and the MAJCAM-1 extracellular domain fragment were ligated in a three
way ligation to the vector pEE12 (31, 32). The resulting construct was
sequenced across the entire MAdCAM-1 portion to confirm proper se-
quence and fusion of segments. Permanent NSO cell lines (Celltech, Ltd.,
Berkshire, U.K.) secreting human MAJCAM-1 Ig chimera were selected
after transfection by clectroporation and growth in a glutamine free media
as previously described (33). Cloned lines were adapted to growth in spin-
ner culture, and the MAdCAM-| Ig chimera was purified by protein A
chromatography. Media for maintenance of NSO-sccreting lines was
DMEM high glucose with Glutamine Systems supplements (JRH Bio-
sciences, Lenexa, KS) and 10% dialyzed FBS (Life Technologies).

MAdCAM-1 adhesion assay

For adhesion assays, 4-mm wells on 21-well glass slides (Structure Probe,
West Chester, PA) were coated overnight at 4°C with 10 ul of MAdCAM-
IgG (0.025~5 wg/ml in 20 mM HEPES, 150 mM NaCl), and then blocked
with 5% BSA for 2 h at 37°C. Transfected K562 cells (40,000 cells in 15
! of adhesion assay buffer: 150 mM NaCl, 10 mM HEPES, pH 7.4, 1 mM
CaCl,, 1 mM MgCl,, with or without MnCl,) were added to each well and
allowed to adhere for 90 min at room temperature. Unless otherwise spec-
ified, adhesion assays were performed using wells coated with 4 ng of
MAdCAM-1 IgG (10 ul of a 0.4 pg/ml solution) and in the presence of 1
mM MnCl,. Nonadherent celis were removed by briefly dipping the slides
2 to 3 times in a chamber containing adhesion assay buffer. Adherent cells
were fixed and stained by immersing slides in a solution containing 0.5%
crystal violet, 20% methanol, and 1% formaldehyde in water for 1 h at
room temperature and counted using a video microscope. For Ab blocking
experiments, cells were preincubated for 15 min at 4°C. Purified mAbs
were used at a concentration of 10 wg/ml. Ab-containing supernatants were
used in satorating amounts as determined by flow cytometry. All assays
were performed at least in duplicate.

Flow cytometric analysis

K562 transfectants were incubated with saturating amounts of unconju-
gated anti-3, or control Ab at 4°C in buffer that contained 10 mM HEPES,
pH 7.4, and 150 mM NaCl. Buffer also contained | mM CaCl, and | mM
MgCl, unless otherwise specified. Phycoerythrin-conjugated mouse anti-
rat Ig (Chromaprobe Inc., Mountain View, CA), phycoerythrin-conjugated
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FIGURE 1. Heterologous expression of functional a,8, on K562
cells. a, Detection of human and mouse B, on the surface of trans-
fected cells. K562 cells were transfected with human a, cDNA alone
(K562-a,) or with human a, plus human 8, cDNA (K562-a,hB,). Sta-
ble transfectants were analyzed by flow cytometry using the anti-, 3,
Ab Act-1 (K562-a,, open histogram; K562-a,4h8,, filled histogram). b,
K562-a,hB; cell adhesion to MAACAM-1 is increased by Mn?*. Ad-
hesion to MAdCAM-1-1gG fusion protein was determined in the pres-
ence of 1 mM Ca®* plus T mM Mg?* or 1 mM Ca** plus 1 mM Mg?*
plus 1 mM Mn?*, ¢, Effects of various divalent cations on K562-a,hB,-
mediated cell adhesion to MAJCAM-1. Adhesion assay was performed
in HEPES-buffered saline with the addition of 1 mM Ca®*, T mM Mg?*,
or 1 mM Mn?*,

goat anti-mouse (y-specific) Ig (Boehringer Mannheim, Indianapolis, IN),
or FITC-conjugated rat anti-mouse lg (Chromaprobe Inc.) was used to
detect anti-8, Ab-labeled cells. Fib 22 is a rat [gM Ab and was detected
using FITC-conjugated goat anti-rat IgM (Bochringer Mannheim). To de-
termine the effects of cation on Ab binding, cells were incubated with Ab
at room temperature in the same buffer with the addition of varying
amounts of CaCl,, MnCl,, and/or MgCl, as specified.

Results
Heterologous expression of functional a,B, on K562 cells

We developed a heterologous expression system to allow us to
characterize Abs against 8, and to produce and characterize chi-
meric B, subunits. K562 (asB,* a,~ B,7) cells were transfected
with human a, cDNA to obtain a,B,* cells (K562-a,; data not
shown). The K562-a, cells were then retransfected with human
(hB;) B-; subunit cDNA, and a,f, expression was detected with
the complex-specific mAb Act-1 (Fig. 1a). Cells transfected with
both a, and 3; (K562-a,hf3;) adhered to MAACAM-1 in the pres-
ence of Ca®>* and Mg?* (1 mM each), and adhesion was increased
by addition of Mn>* (also at ! mM) (Fig. 15). Cells transfected
with o, alone (K562-c,) did not adhere to MAdCAM-1 (see be-
low). To further characterize the effects of cations on a,B,-medi-
ated adhesion, we examined the adhesion of K562-a,hB; cells to
MAdJCAM-1 when only Ca®*, Mg**, or Mn?* was present (Fig.
Ic). Mn** promoted adhesion even at low MAJCAM-1 concen-
trations, Mg>* was effective at moderate MAACAM-1 concentra-
tions, and Ca** promoted adhesion only at relatively high
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MAdCAM-1. K562-a, cells, which express a, associated with endog-
enous full-length B, (hatched bar), failed to adhere to MAdCAM-1-
18G. K562-a, cells transfected with either full-length human B, (open
bar) or the four B,/8, chimeras did adhere to MAJCAM-1-1gG. Wells
were coated with 4 ng MAdCAM-1-1gG, and 1 mM Mn?* was added
during all steps of the assay. Representative data from one of three
experiments is shown. Adhesion to MAdCAM-1-1gG was determined
in the absence or presence of anti-a,B,-blocking Ab, Act-1. The in-
complete blocking of adhesion of two of the B,/8, chimeras to
MAdCAM-1 by Act-1 was a reproducible, and unexplained, finding.
SE is shown by error bars. When not visible, error was <5%.

MAJCAM-1 concentrations. No adhesion was seen when assays
were conducted using cation-free medium with or without EDTA
or EGTA (data not shown). Similar effects of divalent cations have
been reported for B8, and B, integrin-mediated adhesion (34, 35).

Use of chimeric B,/B, subunits to identify a B, subunit
domain that specifies MAJCAM-1 binding

Previous reports indicate that a,, can mediate MAJCAM-1 ad-
hesion but «,8, cannot (4, 12). Others have reported Mn>* can
induce cell lines to weakly adhere to MAdCAM-1 via a,8, (36).
In our adhesion assays using K562-a, transfectants, a,8, was un-
able to mediate adhesion 1o MAdCAM-1 even in the presence of
Mn** (Fig. 2). K562-a, cells (which did not adhere to
MAdCAM-1) and K562-a,hB; cells (which did adhere to
MAdCAM-1) had equivalent surface expression of a, subunit, and
K562-a, cells adhered to VCAM-1 and fibronectin via a,(, (data
not shown). These data indicate that a,-transfected K562 cells
expressed functional a8, but were unable to utilize this receptor
to adhere to MAdCAM-1.

We produced human 8,/B, chimeric subunits by replacing por-
tions of the B8, subunit cDNA with homologous portions of the (3,
subunit cDNA to analyze the ability of various regions of the £,
subunit to specify binding to MAdCAM-1. Four 8,/8, chimeric
subunits were produced and expressed on the cell surface (Fig. 2).
Three of these chimeric subunits were designed so that the change
from B, to B, encoding sequence occurred at intron-exon bound-
aries (37). These three subunits contained the amino acid residues
encoded by exons 2 to 13 of 3, (residues 1-650), exons 2 to {1 of
B, (1-501), or exons 2 to 9 of B, (1-387). (Exon 1 of the B,
genomic DNA encodes 5'-untranslated sequences.) A fourth chi-
mera was also expressed. It was designed so that the the first 45
amino acid residues of B, (including the signal peptide and a
unique amino-terminal 20-amino acid extension not present in
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other B subunits) were replaced by the corresponding shorter ami-
no-terminal region of B,. Each of these four B./B, chimeras was
expressed at levels comparable to that seen with full-length B,
transfectants as determined by staining with Act-1, and Fib Abs
that recognize hB; (not shown). Transfectants expressing these
four B,/B, chimeras adhered to MAdACAM-1 as efficiently as did
transfectants expressing full-length 3, (Fig. 2). Since replacement of
B, amino acid residues 46798 and 1-386 by the homologous por-
tions of B, produced MAACAM-1 binding equivalent to full-length
;. these results demonstrate that the region of 3, containing amino
acid residues 46 -386 plays a critical role in adhesion to MAACAM-1.
Attempts to use additional chimeras to further pinpoint the region
of B, required for MAJCAM-1 specificity were unsuccessful: sub-
stitution of B, regions 1-327, 1-171 plus 190-798, or 150-798
with homologous regions of 3, resulted in chimeras that could not
be detected at the cell surface (data not shown).

Characterization of Anti-B, Ab function using transfected
K562 cells

We used Abs against mouse 3, to block Mn®*-dependent adhe-
sion of K562-a, mB, to MAdCAM-1. In agreement with a previ-
ous report (20), we found that the Fib Abs (Fib 21, 22, 27, 30, 504)
blocked adhesion, and M298 and LS722 Abs did not block adhe-
sion. In previous studies, M301 blocked adhesion to MAdCAM-1
partially, and only in the absence of activation (20). We saw min-
imal inhibitory effect of M301 in our system. The adhesion of
K562-a,h8, to MAACAM-1 was also inhibited by the Fib Abs,
which cross-react with human S, and by the anti-human a,8, Ab
Act-1.

The ability of the anti-mouse 8, Abs M293 and M300 (23) to
block adhesion of a8, to MAAJCAM-1 has not been previously
studied. We used K562-a, mf; in assays of adhesion to
MAdCAM-1. M300 inhibited adhesion, but M293 did not.

Characterization of Abs that recognize cation and
ligand-influenced domains of 8,

Since Mn** promotes B, integrin-mediated adhesion, we at-
tempted to produce Abs that preferentially bound to 8, in the pres-
ence of Mn?*. The novel Abs 2G3, 10F8, and 2B8 were raised
against purified human a,f, integrin and stained RPMI 8866 cells
in the presence of Mn>*, but not in the presence of Ca®* (see
below). Two lines of evidence indicated that these Abs specifically
recognize human S3,: 1) 2G3, 10F8, and 2B8 stain cells expressing
human a,B; (K562-a,hB;), but not cells expressing human o
with mouse B, (K562-a, mf,) (Fig. 3a); and 2) these Abs detect
a protein with the appropriate mobility for B, (~107 kDa) by
immunoblotting lysates from K562-a4hfB, transfectants (only
when samples were electrophoresed under nonreducing conditions,
data not shown).

We further characterized the effect of ligand and cations on 2G3
staining of B,. The 2G3 epitope was induced by MAACAM-1 in
solution. Addition of soluble MAJCAM-1 increased 2G3 staining
of K562-a,hB3, cells in the absence of Mn?* (Fig. 3b). To deter-
mine the effect of different divalent cations individually on the
ability of 2G3 to recognize the B, subunit, we stained K562-a,hB,
cells with 2G3 in the presence of varying concentrations of Ca®™,
Mg?*, or Mn?* (Fig. 3c). When Ca?* (0.1-1 mM) was added to
the incubation and wash buffers, 2G3 staining was decreased.
Mn?* and Mg?* (0.1-1 mM) increased 2G3 staining. To further
test whether Ca®™ inhibited 2G3 staining of h3, we added either
EGTA or EDTA to the buffered solution used for staining, without
addition of cation. Addition of either chelating agent produced
high intensity staining of 8, by 2G3 confirming that Ca®* has an
inhibitory effect on 2G3 staining (Fig. 34).

STRUCTURE-FUNCTION ANALYSIS OF INTEGRIN 8,

a ! 2G3 b
® 45
3
% 4 10F8 0]
= T
3 M =
[ 354
3
Z

288
M %3 01 02 03
MAJCAM-1 IgG

Log Fluorescence {ug/mL)

Intensity
c .
0 0Ca2+ » Mg2+ aMn2+
40
T ¥
= 20¢
10

[
no cation EGTA  EDTA

[VB
0 025 050 075 1.0
Catlon (mM)

FIGURE 3. Ligand and cation influence 2G3, 10F8, and 2B8 stain-
ing of B,. a, 2G3, 10F8, and 2B8 recognize human B, in the presence
of Mn2* cation. Flow cytometry analyses of K562-a,mg, (cpen his-
togram) and K562a,hB, (solid histogram) stained with 2G3, 10F8, or
2B8. 1 mM Mn?* was present throughout. b, Soluble MAdCAM-1-1gG
fusion protein increases 2G3 staining. MAdCAM-1 at a concentration
of either 0.1 pg/ml or 0.25 ug/ml was added to K562-a,hB, cells
during staining with 2G3, in a HEPES-buffered saline containing 1 mM
Mg2* and 1 mM Ca?*, but no Mn?™*. Mean fluorescent intensity (MFI)
is shown. ¢, 2G3 recognition of B, is inhibited by Ca?*, and increased
by Mn2* or Mg?*. K562-a4hB, cells were stained by 2G3 in buffer
containing no added cation, or 0.1 to 1 mM Mn?*, Mg?*, or Ca*. d,
Divalent cation-chelating agents increase the staining of 8, by 2G3.
EGTA (1 mM) or EDTA (1 mM) were added to all solutions during
staining of K562-a,hB, cells.

We also examined the effect of 2G3, 10F8, and 2B8 Abs on
adhesion of cells to MAdCAM-1. These Abs had no effect on
adhesion of K562-a,hf3, cells to MAJCAM-1 under conditions of
near-maximal adhesion (1 mM Mn2* included in assay buffer, Fig.
4a). However, the Abs markedly increased adhesion of K562-
ashpB, cells to MAACAM-1 under conditions of submaximal ad-
hesion (1 mM Ca®* and Mg?™* only; Fig. 4b). The increase in cell
adhesion achieved using these Abs was similar to that produced by
the addition of Mn2*.

Mapping epitopes of anti-B, Abs on human/mouse chimeric
B subunits

The epitopes recognized by species-specific anti-human B, and
anti-mouse B, Abs were mapped using chimeric human/mouse f3,
subunits. Initially, we expressed human 3,, mouse f3,, and six
chimeric B8, subunits designed so that the entire 8, sequence of
both species could be surveyed for epitopes. Expression of the
chimeric subunit was detected by the Fib series of Abs (Fib 21, 22,
27, 30, 504) and by M301, all of which are known to recognize

~ both mouse and human B, (Fig. 5, and data not shown). Chimeric

B, constructs were expressed on the cell surface at levels compa-
rable to hf3; and mB, as demonstrated by Fib 504 staining (Fig. 5).
The chimeric subunits mediated cell adhesion at levels equivalent
to hf3, and mpB, (data not shown). Together with the staining by
cross-species-reactive anti-B; Abs, this is evidence that the chi-
meric subunits fold, and pair with a,, normally.
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FIGURE 4. Effect of 2G3, 10F8, and 288 Abs on a,8,-mediated ad-

hesion to MAJCAM-1. a, 2G3, 10F8, and 2B8 do not block a,B,-
mediated adhesion to MAJCAM-1. Adhesion of K562 transfectants to
MAJCAM-1-1gG was measured in the presence of T mM Ca?*, 1 mM
Mg?*, and 1 mM Mn?*, Controls included no added Ab, nonblocking
anti-B, Ab LS$722, and blocking anti-B, Ab Fib 30. b, 2G3, 10F8, and
2B8 increase a,fB,-mediated adhesion to MAdJCAM-1 in the absence
of Mn?*, K562 transfectants were allowed to adhere to MAJCAM-1
IgG in the presence of 1T mM Ca?* plus 1 mM Mg?*. The adhesion
assay was performed without Ab (None), with an irrelevant control Ab
(DSB), with the addition of Mn?*, and with each of the three novel
Abs (2G3, 10F8, and 2B8).

We were able to map each of the human- or mouse-specific Abs
unambiguously using the human/mouse chimeric constructs (Table
I). The anti-mouse $; Ab M291 recognized all constructs contain-
ing the mouse B, residues 554—802 and did not recognize any
constructs containing the homologous human sequence. We as-
signed the epitope 558 -726 to M291 since there are no differences
between the mouse and human sequence in the region 554-557
and the B, extracellular domain is predicted to end at residue 726.
All of the other Abs that we mapped on human/mouse chimeric 8,
subunits recognized amino acids in the region 170-554 of hf3; or
mpB;. We next constructed additional chimeric subunits that sub-
divided this large middle portion of the 8, subunit (Table I). Act-1
recognized amino acids in the region 231-281 of human 8, (see
below). M293, M298, M300, and LS722 mapped to residues 387—
542 of the mouse B, subunit. We assigned these Abs to the epitope
387-542 since there are no differences between human and mouse
B, sequences in the regions 381-387 and 542-554.

Antibody epitope mapping data was also obtained using the
B4/B, chimeras {not shown). M301 recognized the 8,/8, chimera
containing B, residues 1-650 but not the chimera containing 3,
residues 1-501. The M301 epitope was therefore assigned to res-
idues 501-650 of B,. Consistent with the results obtained using
human/mouse and human/rat 8, chimeras, Act-1 and all of the Fib
Abs tested recognized each of the B,/B, chimeras.

The new calcium-inhibited, adhesion-promoting anti-8, Abs
2G3, 10F8, and 2B8 recognized constructs that contained the N-
terminal sequence of human B, (amino acids 1-170). These Abs
also recognized the 8,/8, chimeric subunit in which the first 45
amino acids up to the first conserved cysteine residue of 8, were
replaced by the homologous sequence of the 8, subunit. We as-
signed the epitopes of 2G3, 10F8, and 2B8 to amino acids 46149
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since there are no differences between the human and mouse 3,
sequences in the region 150-170.

Act-1 requires serine 250 for specific recognition of the
human B, subunit

Comparison of the human and mouse 3; sequences between res-
idues 231-281, required for Act-1 binding, revealed only one
amino acid difference. A serine residue is present at position 250
in hf3,, and an asparagine residue at the same position in mf3,;. We
constructed two point mutations: N250S (mouse 3, with aspara-
gine 250 mutated to serine) and S250N (serine 250 to asparagine;
for convenience this mmation was inserted into the mg8, (170~
554Ah), which had previously been shown to bind Act-1 in the
same way as human B,). N250S and S250N were transfected into
K562-a, cells, resulting in expression of functional a,fB; het-
erodimers (Fig. 6). Act-1 bound to and inhibited the function of
N250S but not S250N, demonstrating that a single amino acid
difference at residue 250 completely accounts for the differefice in
Act-1 recognition of human and mouse £,.

Mapping epitopes of anti-B, Abs on human/rat chimeric B,
subunits

The Act-1 epitope is within a region of the 3, subunit predicted to
have structural similarity to the metal ion-dependent adhesion site
(MIDAS) of the integrin a, and a, subunits (see Discussion). To
determine whether epitopes recognized by rat Abs (Fib 21, 22, 27,
30, 504) that recognize both human and mouse 8, map within the
MIDAS-like domain, we constructed a human/rat chimeric 3, sub-
unit. We cloned a fragment of rat 8, cDNA that encodes a se-
quence homologous to human f3; amino acid residues 170-381,
which roughly corresponds to the MIDAS-like domain (residues
150-332). We then generated a chimeric subunit, h3,(170-381
Arat) that contained the homologous rat 3, sequence in place of
residues 170-381 of the human B, sequence. This construct was
transfected into K562-a, cells. The rat Ab M301, which minimally
reduces adhesion to MAdCAM-I, did stain h3,(170-381 Arat)
transfectants. This indicates that the chimera was expressed on the
surface and that the M301 epitope lies outside the 170-381 region
(Table I). The rat 3, sequence has an asparagine residue at residue
250, and, as expected, hS3,(170-381 Arat) was not recognized by
Act-1 (Table I). hB,(170-381 Arat) transfectants adhered to
MAACAM-1, demonstrating that the chimera was functional (data
not shown).

The five Fib Abs, which are all rat Abs that recognize both
mouse and human B, and block adhesion to MAdCAM-1, did not
recognize hf3,(170-381 Arat) (Table I). This finding indicates that
these Abs depend upon a structure within the 170-381 region of
both human and mouse f3,, but absent from the homologous region
of rat B,. Comparison of the sequences of human, mouse, and rat
B, in the region 170381 reveals six amino acid residues that are
identical in human and mouse but differ in the rat sequence. We have
assigned the Fib Ab epitopes to the region 176~237, since all six of
these residues are within this region. Epitope assignments, and func-
tions, of all Abs described in this study are shown in Table II.

Discussion

The purpose of this study was to identify regions of the 8, subunit
that have special importance for ligand binding. To directly ana-
lyze the functional importance of specific regions of B, in
MAdCAM-1 binding, we constructed and expressed human 8,/
human B, chimeric subunits (Fig. 2). Since a,8, mediates adhe-
sion to MAdCAM-1 but a8, does not, this method allowed us to

" identify a region of B, that has unique properties required for
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FIGURE 5. Expression of human/mouse chi- hp7
meric B, subunits and Ab epitope mapping. 1

Recognition of chimeric subunits by anti-g,
Abs. Full-length human and mouse B, subunits
and human/mouse chimeric B, subunits are il-
lustrated at the top. K562-a, cells were retrans-
fected with cDNAs encoding these subunits to
obtain stable a,8; expressing cells. These cells
were stained using the Abs Fib 504 (rat anti-
human or mouse B,), Act-1 {mouse anti-human

@uBy), M291 and M300 (both rat anti-mouse | 1D 504 |
B,). In each histogram, vertical dashed lines in-

dicate the boundary between unslained and Act-1 )
stained cells. Approximately 99% of cells \
incubated with an irrelevant negative control M291 R
Ab were classified as unstained using this

threshold. M300 |\
Table I.  Recognition of human /mouse 8, chimeras by anti-B,

antibodies”

87 Construct Anti itiont
M301 Fib Act-1 M291 M203 M298 M300LS722 2G3'
L I
Mousewt 7 [ENRIIDINE - + - + + + + + -

hp? (1170 & m) PO - - - - - -
mp? (t-zoat) C TGO+ + - + o+ + + + +
nprorossasm) NI ] + + - -+ o+ + + +
mpr7o-ssa am) T I +

+ + + - - - - -
hpr(sses02am [ N o+ o+ o+ + = - - - +
mpr(ssa-rss o) (I § + + - - + + + + -
rgrreamam (I 1+ + + nd nd od nd - nd
pr@sssam T I ) + ¢+ - nd nd od nd 4+ nd
nprorosstam) U ) ¢+ o+ - - - - - - nd
mprzerssaan) DO « + - + - - - - nd
mprrozeran) [ DO + + + + + + + nd
mp7 (170-354 4 h) u:- + o+ o+ + + + + + nd
hBY (170-381Arat) - - - nd nd nd nd nd nd

* Human, mouse, and human/mouse chimeric 8, cDNAs were expressed by
retransfecting K562-a4 cells. A minus sign (=) indicates that Ab staining was
similar 10 that seen with a negative contro! Ab; a plus sign {+) indicates that Ab
staining was substantially greater than that seen with the negative control. Al
chimeric subunits were expressed on the cell surface as indicatred in the M301
and Fib columns:(all of the Fib Ab, Fib 21, 22, 27, 30, and 504 were tested).
None of the five Fib Ab recognized the human/rat chimeric subunit (bottom
row).

* The Abs 2G3, 10F8, and 288 shared the same pattern of reactivity with
chimeric human/mouse subunits.

MAdCAM-1 adhesion. We found that this unique functional ac-
tivity lies within a portion of the 3, subunit (residues 46-386) that
contains the epitopes recognized by six blocking Abs and three
Abs that recognize epitopes influenced by cation and ligand. We
mapped the epitopes of function-blocking, nonblocking, and cat-
ion- and ligand-influenced Abs using interspecies human/mouse or
human/rat B8, chimeric subunits (Figs. 5 and 6, and Table I). The
assignment of epitopes is summarized in Table I and Figure 7. The
most remarkable finding from these studies is that six of seven Abs
that block a,3,-mediated adhesion to MAJCAM-1 can be mapped to
epitopes within a single short region of the 8, subunit (amino acid
residues 176-250). Five of these Abs (Fib 21, 22, 27, 30, 504) were
previously shown to block o 3,-mediated interaction with epithelial
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FIGURE 6. Act-1 recognition of human 8, is dependent upon serine

250. a, Act-1 binding depends upon serine 250. Act-1-stained
K562-a, cells transfected with cDNAs encoding authentic hufnan 8,
(which has a serine residue at position 250, “hf, (5250)") but failed to
stain cells transfected with mouse 8, cDNA (which has an asparagine
residue at position 250). A human/mouse B, chimera containing res-
idues 170-554 of the human sequence (mf, (170-554Ah)) was
stained by Act-1 {not shown), but the mutation of serine 250 to aspar-
agine (“5250—=N,” mfB; (170-554Ah, S250N)) led to loss of staining.
Conversely, expression of a mouse 8, cDNA altered only by mutation
of asparagine 250 to serine (“N250—S$") led to appearance of the
Act-1 epitope. b, Substitutions at residue 250 do not affect
MAdCAM-1 binding but do affect the ability of Act-1 to inhibit bind-
ing. MAJCAM-1 adhesion of K562 cells transfected with the cDNAs
hB,, $250—N, mB,, and mB, (N250—S) was deterrmned in the
absence or presence of Act-1 Ab.

cells (20). In the light of previous data pertaining to the structure and
function of integrin subunits, our results strongly suggest that a metal
ion-dependent adhesion site-like (MIDAS-like) domain of the 3, sub-
unit (residues 150-332) plays a critical role in ligand binding and in
determining ligand specificity.

Table II summarizes epitope-mapping data and functional data
obtained in this study and previous studies. A comparison of map-
ping data from this study and from a previous study that defined
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Table Il.  Physical mapping and functional properties of anti-8, Ab?
Amino Acid Functional MAdJCAM-1Blocking VCAM-1 Fibronectin Species
mAb Epitope Epitope (% Inhibition) Blocking Blocking Specificity
2G3 46-~149 4 adhesion® ND ND h B,
10F8 46~149 1 adhesion ND ND h B,
2B8 46~149 1 adhesion ND ND h 8,
Fib 21 176~237 C 955 + + morh B,
Fib 22 176~237 C 97 =1 + + morh B,
Fib 27 176~-237 D1 49 + 8 + + morh 8,
Fib 30 176~-237 D1 86 * 1 + + morh B,
Fib 504 176237 D2 91 *3 + + morh B,
Act-1 250 99 + 2 - + a, + h B,
M293 387-542 172 ND ND m B,
M298 387-542 B1 86 - - m B,
M300 387-542 81 =8 ND ND m B,
LS722 387-542 B2 6x5 - - m B,
M301 501-650 A 277 - - morh B,
M291 558-726 ND ND ND m B,

* Amino acid epitopes were mapped using the human/mouse B,, humanyrat 8,. and B,/8+ chimeric subunits. Epitope assignments were further narrowed by
comparing the human and mouse (or rat) sequences and eliminating identical residues as possible recognition sites. The ability to block adhesion to MAdCAM-1 was
determined as described in Materials and Methods and is expressed here as % of inhibition of cell adhesion relative to a no Ab control (% SE). Functional epitope
designations (A-D} were assigned by Andrew et al. (20), based on groups of Ab that cross-inhibited recognition of B, and these functional classes were subdiyided
(D1 and D2, e.g.) by ligand-blocking properties of Ab. The abilities of Ab to block binding to VCAM-1 and fibronectin were previously described (20). Fib 22, previously
reported to recognize only mouse §,, was shown in this study to recognize both mouse and human 8,.

®2G3, 10F8, and 2B8 increase a,B,-mediated cell adhesion to MAJCAM-1.

FIGURE 7. Summary of the B8, subunit structure/ . . M301
function analysis. The B, subunit, including the signal 2’:2'9 ?217 N . . (501-650)
peptide (“S”), the extracellular domain (residues 25— 2G3, 10F8, 22 =/ + Act-1* M300
. . 30%, 504 M293, M298, L8722
726), the transmembrane domain (double vertical e (176-237) (250) (387-542) M291
lines} and the cytoplasmic domain is depicted at the L'_“?L <~ / (5658-726)
bottom. Physical mapping data for anti-8, Abs are 46 386 ©
summarized at the top. Abs that block adhesion to Bl ssssasasawaw ) |

MAJCAM-1 are indicated by asterisks. The B,/8, chi- 1 100
mera results indicate that 83, residues 46386 (solid

bar) provide MAdCAM-1 binding specificity. Resi-

dues 150-332 (cross-hatched bar) comprise the pu-

tative MIDAS-like domain of 8,.

“functional epitopes™ recognized by groups of cross-inhibitory
Abs (20) reveals a close correlation. Functional epitope A corre-
sponds to the M301 epitope (residues 501-650). Functional
epitope B is recognized by M298 (nonblocking, B1) and LS722
(aggregating, B2), and corresponds to the structural domain rec-
ognized by these two Abs (residues 387-542) in our study. Func-
tional epitopes C, D1, and D2, defined by the Fib series of Abs,
correspond to residues 176-237. Six of seven Abs that inhibited
the adhesion of a,B,-transfected K562 cells to MAdCAM-1 could
be mapped to residues 176-250. M300, another Ab with blocking
activity in our assay, mapped to a distinct region (residues 387-
542). Since our results with 8,/8, chimeric subunits demonstrate
that amino acids 46-386 specify MAACAM-1 binding, it is likely
that M300 Ab acts from a distance to alter ligand binding (see
below). While M301 (residues 501-650) had minimal effect on
adhesion in our assay, it has previously been shown to block the
adhesion of unstimulated (but not PMA-stimulated) mouse lym-
phocytes to MAJCAM-1, indicating that M301 can have some
inhibitory activity (20). It is not surprising that adhesion-blocking
Abs map to more than one region of 8, since blocking Abs against
other integrins also map to multiple regions of these molecules
(38). This may indicate that more than one domain of the 8 subunit
is directly involved in ligand binding, that two or more regions that
are separated in the primary sequence are nearby in the tertiary
structure, or that certain Abs perturb ligand binding without di-
rectly blocking access to the binding site (for example, by inducing
a distant conformational change that interferes with ligand bind-

200 300 400 500 600 700 7 798

ing). Nonetheless, the mapping of six function-blocking Abs to a
single small region (residues 176-250) of B, indicates that this
region has a special role in adhesion.

We produced, characterized, and mapped the epitopes of three
new anti-8, Abs, 2G3, 10F8, and 2B8. These Abs were identified
by screening hybridoma supernatants for the ability to stain 8, in
the presence, but not in the absence, of Mn2* (Fig. 3). Since all
three Abs had similar properties, one (2G3) was selected for more
detailed study. In addition to Mn**, 2G3 staining could also be
induced by Mg®*. In contrast, Ca®* inhibited Ab binding. There
was a general correlation between expression of the 2G3 epitope
and the level of B,-mediated adhesion produced in the presence of
different cations: Mn?* was the most potent inducer of the epitope
and of adhesion, Mg>* was intermediate, and Ca®>™ inhibited the
epitope and was the weakest at promoting adhesion (Figs. l¢ and
3c). However, this correlation no longer held in the presence of
chelating agents. As expected, no adhesion to MAACAM-1 was
seen when chelating agents were added to the medium. However,
both EDTA and EGTA stimulated 2G3 binding (Fig. 3d), presum-
ably by preventing Ca®* from binding to a,3,. Two previously
described anti-integrin 8, Abs, 9EG7 and 15/7, also recognize
epitopes that are induced by either Mn®* or EDTA/EGTA and
inhibited by Ca** (22, 39, and our unpublished observations).

There were also interactions between 2G3 binding and ligand bind-
ing. Soluble MAACAM-1 induced the 2G3 epitope (Fig. 3b). 2G3
{and the other two novel Abs, 10F8 and 2B8) strongly promoted cell
adhesion to MAdCAM-1 in the absence of Mn2* (Fig. 4b). In this
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regard, 2G3 is similar 1o the anti-B, Ab 15/7, which recognizes a
ligand-occupied/active conformation of the receptor. When occupied
by ligand, 15/7 binds to B, integrin to stabilize the adhesive
interaction.

Additional Abs with the ability to recognize other integrin
subunits in the presence of Mn>* or ligand, and to increase adhe-
sion to ligand, have been previously described. Such anti-B inte-
grin Abs map to cation- and ligand-influenced binding sites
(CLIBS) (39). The new Abs we produced behaved as CLIBS Abs.
However, 2G3, 10F8, and 2B8 staining of B, was induced by
Mg**, whereas the staining by some CLIBS Abs, AP-S (anti-B5)
(40) and 9EG7 (anti-B,) (39), is not induced (or inhibited) by
Mg**. 2G3, 10F8, and 2B8 differed from previously reported
CLIBS Abs in important respects. First, they were specific for 8,
and provided insight into the interaction of «a,B, with
MAdCAM-1. Second, the epitopes of 2G3, 10F8, and 2B8 were
mapped to a region of the 8, subunit not previously known to be
a region for CLIBS Ab recognition.

2G3, 10F8, and 2B8 Abs map to the amino terminus of 3,
(amino acids residues 46-~149; Table I, Table 11, and Fig. 7). This
region of the 3, subunit is separate from the MIDAS-like domain
(residues 150-332), and the putative cation binding region (83,
residues 150-172; homologous to the cation binding domain in the
B; subunit (41)). Cation- and/or ligand-induced Abs against other
integrins have been mapped to different regions of the 8 subunit.
The ligand-induced Ab AP-5 recognizes the extreme amino ter-
minus of 3, (residues 1-6) (40); the 15/7 Ab maps to the central
domain of the B, subunit, homologous to 8, residues 385-457
(42); other CLIBS Abs map to MIDAS-like domains of the B
subunits (22, 38), or to cysteine-rich regions of the B,, B8,, or B,
integrin subunits (homologous to B, subunit residues 467-798)
(39, 40, 43). The new Abs 2G3, 10F8, and 2B8 map to a region of
the B, subunit that has not previously been implicated in the in-
teraction with cation or ligand. Our results suggest that the con-
formation of B, amino acids 46-149 is strongly influenced by
ligand and cation.

The B,/B, chimera and epitope mapping results both indicate
that a MIDAS-like domain of B, plays an important role in ligand
binding (Fig. 7). MIDAS is a feature of the integrin o, and a,,
subunits identified in the crystal structure of the I domains of these
subunits (44, 45). 1 domains (also known as A domains) are found
in the extracellular portion of some integrin a subunits, and iso-
lated I domains are able to bind some integrin ligands (46). Five
oxygenated residues within the T domain coordinate binding of
metal ions. It has been proposed that an additional coordinating
residue may be supplied by the ligand, accounting for the metal ion
dependence of ligand binding. Integrin B subunits share homology
with I domain sequences (44). The putative MIDAS-like domains
of integrin 3 subunits have a predicted arrangement of metal ion
coordinating residues, a helices, and B sheets that is similar to the
o, and ay, MIDAS domain structures. Epitopes of six of the ligand
binding-blocking Abs that we mapped fall within the MIDAS-like
domain, and the MIDAS-like domain is contained within the re-
gion of B, that conferred MAdCAM-1 adhesion in the ,/8, chi-
mera experiments (Fig. 7). Studies involving integrin cross-linking
to ligand, Ab epitope mapping, and analysis of mutant integrins
indicate that the MIDAS-like domains of other integrin 8 subunits,
including B,, B,. B1. and B, are also crucial for ligand binding
(38, 47-51). The Act-1 epitope lies in a region of the MIDAS-like
domain of B, (residues 230-267) that is highly conserved among
integrin B subunits and is implicated in ligand binding and as well
as subunit association in ,, B8,, and B,. (52, 53).

The MIDAS-like domain of integrin B subunits may also play a
direct role in association with the a subunit. In support of this
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possibility, a short peptide from the 8; MIDAS-like domain has
been shown to associate with ey, in vitro, and mutations in the
same region of the B, and B, subunit MIDAS-like domains (54,
55) interfere with subunit association. The Act-1 Ab maps to the
homologous region of the B, subunit. Act-1 recognizes a,8, but
not agfB; (11, and data not shown). This may indicate that the
Act-1 epitope includes residues from both a, and B;, or that the
region of the B, subunit recognized by Act-1 can be conforma-
tionally altered or masked by the associated a subunit. The loca-
tion of the Act-1 epitope therefore suggests that the MIDAS-like
domain of 8, may be involved in association with the « subunit.

The MIDAS-like domain of 3, is likely to be important for the
interaction of lymphocytes with endothelial cells and epithelial
cells in vivo. Since five Abs (Fib 21, 22, 27, 30, and 504) that
block agf;-mediated binding to epithelial cells (20) map to the
MIDAS-like domain, this domain is likely to play a key role in
lymphocyte-epithelial cell interactions, as well as a,B,-
MAdCAM-1-mediated lymphocyte-endothelial cell interactions.
The anti-a,8, Ab Act-1 that maps to the MIDAS-like domain of
B (residue 250) has therapeutic effects in cotton top tamarins with
colitis (56). Although Act-1 efficiently inhibits a,8,-mediated ad-
hesion of lymphocytes to MAdCAM-1, the therapeutic effect of
this Ab in colitis is not associated with a substantial decrease in
intestinal lymphocytes. Act-1 binding to a,8; can directly influ-
ence lymphocyte proliferation (57) and protein tyrosine phosphor-
ylation (A.LL. and M.T., unpublished results), suggesting that re-
cruitment-independent effects of Ab may be important in vivo.
Agents such as Act-1 that are directed at the 8, MIDAS-like do-
main can have diverse effects in vitro and in vivo, and may be of
therapeutic value in colitis or other diseases involving mucosal
immune responses.
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Phage-displayed synthetic antibody libraries were built on a single human
framework by introducing synthetic diversity at solvent-exposed pos-
itions within the heavy chain complementarity-determining regions
(CDRs). The design strategy of mimicking natural diversity using tailored
codons had been validated previously with scFv libraries, which pro-
duced antibodies that bound to antigen, murine vascular endothelial
growth factor (nVEGF), with affinities in the 100 nM range. To improve
library performance, we constructed monovalent and bivalent antigen-
binding fragment (Fab) libraries, and explored different CDR-H3 diversi-
ties by varying the amino acid composition and CDR length. A Fab with
sub-nanomolar affinity for mVEGF was obtained from a library with
CDR-H3 diversity designed to contain all 20 naturally occurring amino
acids. We then expanded the library by increasing the variability of CDR-
H3 length and using tailored codons that mimicked the amino acid com-
position of natural CDR-H3 sequences. The library was tested against a
panel of 13 protein antigens and high-affinity Fabs were obtained for
most antigens. Furthermore, the heavy chain of an anti-mVEGF clone
was recombined with a library of light chain CDRs, and the affinity was
improved from low nanomolar to low picomolar. The results demon-
strated that high-affinity human antibodies can be generated from
libraries with completely synthetic CDRs displayed on a single scaffold.
© 2004 Elsevier Ltd. All rights reserved.
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Introduction specificity, and to improve our understanding of

antibody structure and function using technologies
such as phage display'~® ribosomal display*
bacterial display® and yeast display® In the last
decade, phage display has been the most widely

In vitro combinatorial libraries have been used to -
produce antibodies with high affinity and

Abbreviations used: CDR, complementarity-
determining region; CDR-Hn, (where n =1, 2, or 3),
heavy chain CDR 1, 2, or 3; CDR-Ln, (where n =1, 2 or
3), light chain CDR 1, 2 or 3; cP3, C-terminal domain of
the M13 bacteriophage gene-3 minor coat protein; Fab,
antigen binding fragment; Ig, immunoglobulin; mAb,
monoclonal antibody; VH domain, heavy chain variable
domain; VL domain, light chain variable domain;
mVEGEF, murine vascular endothelial growth factor; scFv,
single-chain variable fragment; PBS, phosphate buffered
saline; BSA, bovine serum albumin; ELISA, enzyme-
linked immunosorbant assay; TMB,
tetramethylbenzidine.
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applied technology capable of either improving .

the properties of monoclonal antibodies (mAbs)
from diverse natural sources, or generating mAbs
from naive repertoires.’

The two types of in vitro antibody libraries,
natural and synthetic, are distinguished by the
source of their repertoires. Most antibody libraries

to date have been derived, totally or in part®"

from the natural repertoires by cloning the anti-
body variable domain genes from naive>™ or
immunized®™* individuals. The diversity of
natural antibody libraries is contributed by the
hypervariable complementarity-determining
region (CDR) sequences presented on multiple

0022-2836/$ - see front matter © 2004 Elsevier Ltd. All rights reserved.
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frameworks, and the recombination of light and
heavy chains.” The performance of such libraries,
measured by the affinities of derived antibodies, is
determined predominantly by their library sizes,*
which is often limited by the efficiencies of trans-
formation of the library DNA into Escherichia coli.
Synthetic libraries, on the other hand, have
designed diversities introduced with synthetic
DNA. Synthetic antibody libraries that have been
reported employ either single’®? or multiple
frameworks.*?=** Synthetic libraries built on
multiple frameworks, such as the HUCAL
libraries,” 2 have been used to obtain antibodies
with affinities in the low nanomolar range against
some antigens. For single-framework libraries,
diversity depends solely on the degeneracy of
synthetic DNA wused' to vary the CDR loop
sequences. Both the diversity design and the
library size are crucial for the performance of a
synthetic library. Synthetic antibody libraries built
on a single framework offer many advantages
(e.g. ease of library construction and analysis of
the derived antibodies), especially when using a
framework derived from humanized 4D5 that has
been optimized for protein expression and has
been used successfully in therapeutics.?** How-
ever, the question remains whether a single frame-
work can present CDR binding loops with
sufficient diversity to produce a library that is
capable of generating high-affinity antibodies
against diverse antigens. Frameworks serve as a
source of diversity for natural antibodies, since
they provide the structural scaffolding for CDR
loops.?*-% Many framework residues can influence
the binding affinities of antibodies.”

We previously developed a synthetic antibody
phage library using the template of a single frame-
work with diversification restricted to the heavy
chain.® A subset of CDR positions was chosen for
diversification using criteria of high solvent
exposure and/or especially high variability
among natural antibody sequences. These
positions were randomized using tailored codons
designed for a bias toward amino acids found in
natural antibodies. The concept was validated
with libraries built on the humanized 4D5 frame-
work in the single-chain variable fragment (scFv)
format, and libraries of this type generated anti-
body fragments with affinities in the 100nM
range.*

In this study, we further explored the concept of
restricting synthetic diversity to mimic natural
diversity in order to generate highly functional
antibody libraries. To improve upon the previous
libraries, we first chose to convert to a Fab format.
" However, our first attempt with a Fab library
using the same diversity design as our first scFv
library resulted in >5pM binding clones (G.F,
unpublished results). This may have resulted from
the lower display of Fab on phage relative to the
display of scFv. To improve the display of func-
tional Fab, the diversities allowed in CDR-H1 and
CDR-H2 was limited to closely mimic the natural

diversity, and different designs for CDR-H3 were
explored. A reduction in the diversity of the CDR-
H1 and H2 degeneracy by 10*-fold from the design
for scFv library could be accomplished without
sacrificing the coverage of natural diversities, and
the performance of the Fab library was improved
to a level similar to that of our initial scFv library.
Various CDR-H3 designs were then explored to
enhance significantly the ability to generate high-
affinity binding clones. The affinities of these
selected heavy chain fragments were further
improved to the low picomolar range by intro-
ducing additional diversity into the light chain
CDRs. To expand the library so that it could
generate antibodies to any antigen, we further
increased the length of CDR-H3, since length is a
key component of the diversities of CDR-H3 in
natural antibodies.”-* This library was screened
against a panel of 13 protein antigens and, in most
cases, produced Fabs with affinities of under ten
nanomolar or low nano-molar without the need
for further affinity maturation.

Results
Diversity design for CDR-H1 and CDR-H2

For the generation of heavy chain libraries in the
Fab format, a set of positions within CDR-H1 and
CDR-H2 was chosen for randomization in a
manner similar to that previously described for
libraries constructed in an scFv format, which we
refer to as Lib-vl in what follows.* For the new
Fab libraries, positions 30-33 in CDR-H1, and 50,
52, 53, 54, 56 and 58 in CDR-H2 were randomized
(Figure 1). In addition, framework position 49 was
allowed a limited diversity to reflect the variations
in natural antibody sequences. We modified the
previous diversity design used in Lib-vl by fine-
tuning the diversity to more closely mimic the
natural repertoire (Table 1). The first step in the
fine-tuning was the determination of the “target
diversity” based on the natural diversity observed
at each position. The CDR sequences of approxi-
mately 3600 human antibodies in the Kabat
databaset* were aligned and at each position the
amino acids were ranked by the frequency of
occurrence. For example, Ser is the commonest
amino acid residue at position 30, as it appeared
in 68% of natural antibodies, followed by Thr
(18%), Asn (4%), Arg (2.5%), Asp (1.9%) and Gly
(1.8%). These six amino acids together account for
over 90% of the natural antibody sequences, and
were therefore designated as the “target diversity”
for this position (Table 1). The same operation was
performed for each of the other positions, and the
target diversity was chosen for each position.

Next, tailored degenerate codons were designed
to encode for the target diversity at each position.

1+ www.kabatdatabase.com
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Figure 1. The CDR residues chosen for randomization in the Fab phage libraries. The top~down view of the CDR
binding loops of h4D5 as a space-filling model (A) and the side view of the variable domain as a worm (B) are
shown, highlighting the residues chosen for randomization in heavy chain CDR-H1 (yellow), CDR-H2 (green) and
CDR-H3 (blue), and light chain CDR-L1 (pink), CDR-L2 (magenta) and CDR-L3 (red). The Kabat numbering is used
in this and subsequent Figures.* ‘

The tailored codons were evaluated by two criteria ~ age of the target diversity by the degenerate
(Table 1). First, the best codon should encode the  codon should be as high as possible, with coverage
minimum number of amino acid residues not  of the highest-ranking amino acids a priority. More
found in the target diversity and should also  emphasis was placed on the first criterion than the
exclude cysteine and stop codons. Second, cover-  second, since we believe removing unwanted
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Table 1. Target diversity and design diversity of CDR-H1 and CDR-H2 for the heavy chain library

Positions Target diversity Design diversity
Prevalence in natural antibodies (%) Codon  Residues encoded Coverage (%) Oligonucleotide

H1-K30 S T N R D G AVT STN 90 Hla-d
68 18 4 3 2 2

H1-D31 S N G T D R A RRT SNGD 82 Hlab
50 13 10 10 9 2 1 RVM SNGTDRA E 95 Hlcd

H1-132 Y S N G F A WMY YSNT 80 H1 a-d
64 9 7 4 3 3

H1-Y33 A Y W G S D T N V KMT AYSD 57 Hla,c
22 20 17 14 12 3 3 2 2 KGG WG 31 Hilbd

H2-A49 G S A GST GA 77 H2 ac
58 22 19

H2-R50 R Y W V G I E A S N L DGG RWG 35 H2a
7 10 9 9 9 8 8 6 6 6 4 DHT YVIASN DFT 45 H2b

GAA E 8 H2c

H2-Y52 S Y N K I R D T DMT SYNDT A 74 H2 ac
26 25 17 8 5 3 3 3

H2-T53 S DY G H N 1 T W DMT SDYNT A 66 H2 a-c
24 20 11 10 9 8 5 3 2

H2-N54 G S D N K FE T RRC GSDN 81 H2 a-c
37 2 11 7 6 5 4

H2-Y56 S T N D Y E G A DMT STNDYA 81 H2 a-c
28 16 15 10 10 5 5 2

H2-R58 Y N D R § I T H DAC YND 69 H2 ac
32 25 12 7 4 4 3 2

CDR positions selected for randomization in CDR-H1 and H2 are listed with the template h4D5 residues. Target diversity is a group
of residues that were selected because they cover over 90% of the approximately 3500 human antibody sequences in the Kabat
database.* The prevalence (%) of each residue in natural sequences is listed under each residue. Design diversity is a group of
residues encoded by a tailored degenerate codon (in italics) so that the coverage (%) of natural target diversity by one codon or a com-
bination of codons (as for position 50) was close to 70% or higher. Diversity was designed to minimize the residues not included in the
target diversity (bold text). Several H1 or H2 oligonucleotides were mixed for the mutagenesis reaction for library construction (see

Materials and Methods).

degeneracy to limit the library diversity is more
important than attempting to cover all amino
acids in the target diversity for COR-H1 and CDR-
H2. At most positions, the highest-ranking three
to six amino acid residues were easily encoded by
tailored degenerate codons. However, at some
positions it was not straightforward to encode a
significant proportion of the target diversity with-
out including unwanted diversity. For example,
positions 33 and 50 were the most variable
positions in CDR-H1 and CDR-H2, respectively;
several different degenerate codons were
employed to cover them. The coverage of the target
diversity by the degenerate codons was in the
range of 66-95%, which is at least as good if not
better than the design for Lib-v1. All together, the
degenerate codons for CDR-H1 and H2 encoded
~10° unique DNA sequences; this was ~ 10*fold
lower than the DNA degeneracy encoded pre-
viously in Lib-v1. The encoded diversity of amino
acid sequences was ~500 for CDR-H1 and ~10*
for CDR-H2. These synthetic diversity designs for
CDR-HI1 and CDR-H2 were employed to construct
phage-displayed Fab libraries with several
different CDR-H3 diversity designs.

Construction of the first generation CDR-H3
library

CDR-H3 is located at the center of the antigen-

binding site (Figure 1), and it is the most variable
amongst the six CDRs in natural antibodies, both
in terms of amino acid composition, length, and
conformation.#2%% As a result, CDR-H3 is often
the most important determinant for the specificity
of antibodies,” and we explored different
strategies to introduce the diversity within this
loop.

In the Kabat numbering scheme, CDR-H3 'is
defined as the sequence from positions 95-102.
However, we noted that the C-terminal boundaries
of natural CDR-H3 sequences are not highly
variable, but rather, usually contain either
Phe-Asp-Tyr or Ala-Met-Asp-Tyr immediately pre-
ceding position 103. As the h4D5 CDR-H3 contains
an Ala-Met-Asp-Tyr motif at its C-terminal bound-
ary, we decided to leave this region constant in
our design. At the N-terminal boundary of CDR-
H3, we changed the framework slightly from that
of the h4D5 sequence (Ser93-Arg94) to the
sequence found most commonly amongst human
antibodies in the Kabat database (Ala93-Arg/
Lys94). For our first-generation library (Lib-1), we
designed two mutagenic oligonucleotides that
inserted mainly DVK codons between these
boundaries and varied the N or C termini of the
loop (Table 2); a similar design strategy was used
previously in scFv Lib-vl. The CDR-H3 length
was fixed at 11 residues, which is the length found
in h4D5 (Table 2). The DVK codon encodes for 12



Table 2. CDR-H3 diversity designs for generating heavy chain libraries, Lib-1 and Lib-2
CDR-H3 positions 95-102 (h4D5 residue)

Library Oligonucleotide 593 R94 Length D y
W95 G9% G97 D98 G99 Fl00 . - Y100a Al00b M100c D101 Y102

Lib-1 DVK 1 A R/K DVK DVK DVK DVK DVK NNK - Y A M D Y 11 1x10°
DVK 2 A R/K W NVI DVK DVK DVK DVK . . W/S/A/G/T/R A M D Y 38 8x10°

Lib-2-DVK DVK1 A R/K DVK DVK DVK DVK DVK DVK . . Y A M D Y 11 3x10°
DVK 2 A R/K W NVI DVK DVK DVK NNK . . W/S/A/G/T/R A M D Y 1 8x10°
DVK 3 A R/K DVK DVK DVK DVK DVK DVK . . W/S/A/G A M D Y 11 1x10°
DVK 4 A R DVK DVK DVK DVK DVK DVK DVK . Y A M D Y 12 6x10°
DVK 5 A R DVK DVK DVK DVK DVK DVK DVK . W/S/A/G/T/R A M D Y 12 4x10°
DVK 6 A R DVK DVK DVK DVK DVK DVK DVK DVK A M D Y 13 1x10°
DVK 7 A R DVK DVK DVK DVK DVK DVK DVK DVK W/S/A/G/T/R A M D Y 13 7x10%

Lib-2-NVT NVT 1 A R/K/T NVT NVI NVI NVI NVI NVT . . Y A M D Y 1 3x10°
NVT 2 A R/K/T w NV NVT NVT NVI NVT . . NVT A M D Y 11 3x10°
NVT 3 A R/K w NVI NVI NVI NVI NVI NVT . W/S/A/G A M D Y 12 2x107
NVT 4 A R/K NVI W NVI NVIT NVI NVI NVT . W/S/A/G A M D Y 12 2x 10
NVT 5 A R/K NVT NVT w NVT NVI NVI NVT . W/S/A/G A M D Y 12 2x107
NVT 6 A R/K  NVI NVI NVI NVI NVI W NVT . W/S/A/G A M D Y 12 2x 107
NVT 7 A R/K NVIT NVI NVT NVI NVI NVT w . W/S/A/G A M D Y 12 2x107
NVT 8 A R/K W  NVT NVI NVI NVI NVT . . W/S/A/G/T/R A M D Y 11 2x10°
NVT 9 S R NV NVI NVI NVI NVI NVI NVI NVI Y A M D Y 13 4x10°

Lib-2-NNS NNS 1 A R NNS NNS NNS NNS NNS NNS . < Y A M D Y 11 1x10°
NNS 2 A R NNS NNS NNS NNS NNS NNS . - W/S/A/G/T/R A M D Y 11 6% 10°

Different designs in oligonucleotides for CDR-H3 for Lib-1 and Lib-2 are listed with their lengths and calculated DNA d (De 'y). The rand d p are shown with

either the degenerate codon (italics) or the amino acids (plain text) allowed by genetic codons.
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amino acids (Tyr, Ala, Arg, His, Asp, Ser, Thr, Asn,
Pro, Gly, Trp and Cys) with at least one amino acid
from each category of amino acids: aromatic (Phe,
Trp, Tyr), aliphatic (Ile, Leu, Val, Ala, Met), basic
(Lys, Arg, His), acidic (Asp, Glu), polar (Ser, Thr,
Asn, Gln), and conformational (Pro, Gly, Cys). We
constructed two libraries that displayed either
monovalent (Lib-1-Fab containing 2.1 X 10° unique
members) or bivalent (Lib-1-Fab.zip containing
1.8 X 10° unique members) Fabs with CDR-HI,
CDR-H2, and CDR-H3 diversified as described
above. Previous studies have shown that bivalent
display resulted in an avidity effect that increased
the efficiency of capture of antigen-specific Fabs
with immobilized antigens.3®

The libraries were cycled separately through
rounds of binding selections with immobilized
mVEGF antigen. After three rounds of selection,
individual clones were analyzed by phage
enzyme-linked immunosorbant assay (ELISA) to
identify specific anti-mVEGF binding clones that
were defined as clones exhibiting ELISA signals at
least tenfold greater on mVEGF coated plates in
comparison with signals on plates coated with an
irrelevant protein, for example, bovine serum
albumin (BSA). The monovalent and bivalent
library pools after three rounds of sorting con-
tained 21% and 70% positive clones, respectively.
DNA sequencing of 67 positive clones from the
monovalent library revealed four unique
sequences, while 47 bivalent positive clones were
represented by nine unique sequences (Table 3).
For a different antigen, the bivalent library (Lib-1)
yielded binding clones but the monovalent library
did not (data not shown). Thus, it appears that the
bivalent display resulted in a greater number of
positive clones representing a more diverse popu-
lation of unique sequences, consistent with pre-
vious reports that efficiency of antibody selection
improved as valency of display on phage
increased.®*

We next looked for a correlation between the
affinity of a positive clone and its prevalence
within the selected population to see if affinity
was the driving force in selection (Table 4). In
the monovalent pool, the highest-affinity clone
(mV-202) was also the most prevalent clone (42%

of sequenced binders). However, this correlation
between affinity and prevalence was absent
among the remaining clones. The two low-affinity
clones (mV-201 and mV-204) were more prevalent
than the clone with the second highest affinity
(mV-203). This may be accounted for by the signifi-
cant variations we observed in the level of display
among different clones. In the bivalent pool, one
high-affinity clone (mV-304) accounted for 57% of
sequenced clones, but the other high-affinity clone
(mV-307) represented only 4% of the sequenced
clones. Thus, while there appears to be some corre-
lation between affinity and prevalence among
selected binders, there are considerable discrepan-
cies that suggest other factors in addition to affinity
(e.g. levels of protein expression) influenced the
selection process. Our previous scFv library (Lib-
vl), which used a similar design for CDR-H3
diversity, yielded a greater number of unique anti-
mVEGF binders but the highest affinities were
comparable to those obtained with the current Fab
libraries.* These results are consistent with the
fact that scFvs are displayed more efficiently than
Fabs on phage particles and, thus, the scFv format
allows for the selection of a larger population of
binding clones representing a greater range of
affinities.

Construction of the second-generation
CDR-H3 library

We next constructed a second-generation library
(Lib-2) with the aim of comparing the performance
of different CDR-H3 designs in generating high-
affinity Fabs, with the hopes of improving on the
results obtained with the first-generation library
design. Three sub-libraries were constructed to
test three different degenerate codons for generat-
ing CDR-H3 diversity. Lib-2-DVK (4.1 X 10° unique
members) using the degenerate DVK codon was
constructed with a pool of seven mutagenic oligo-
nucleotides to allow for a diversity of loop lengths
from 11 to 13 (Table 2). The other two sub-libraries
used either an NVT degenerate codon (Lib-2-NVT,
5.0 X 10° unique members) or an NNS degenerate
codon (Lib-2-NNS, 8.0 X 10* unique members).
The NVT codon encodes 11 amino acids with 12

Table 3. Effect of CDR-H3 designs on the best affinities from the libraries, Lib-1 and Lib-2

Library H3 codon Library size ( X 10°) Positive (%) Unique/sequenced Best affinity (nM) H3 oligo
Lib-1-Fab DVK 21 21 4/67 200 DVK1
Lib-1-Fab.zip DVK 1.8 70 9/47 41 DVK1
Lib-2-Fab DVK 4.1 80 4/50 0.6 NNS1
NVT 0.5 )
NNS 0.8

The results from selections for binding to mVEGF are shown for Lib-1 in the Fab or Fab.zip format and Lib-2 in Fab format with
three different CDR-H3 designs. Lib-2-DVK, -NVT or -NNS were generated separately and pooled together for selection experiments.
The percentage specific binding clones after three rounds of selection are shown as positive (%). The number of clones with unique
DNA sequences out of the total number of clones sequenced are shown as unique/sequenced. Best affinity shows the lowest ICs,
values measured among the unique clones using a competition ELISA. The H3 oligonucleotides from which the CDR-H3 sequences
of the best clones were derived are indicated as H3 oligo (see Table 2 for description of the oligonucleotides).

™



Table 4. The deduced amino acid sequences and binding affinities of mVEGF binding clones from Lib-1 and Lib-2

. CDR-H1 CDR-H2 CDR-H3 .
Library . Clone H3 oligo ICso Frequency (%)
30 31 32 33 49 50 52 53 54 56 58 93 94 95 9% 97 98 99 100 . 100a

Lib-1-Fab mV-201 T S N G A Y S S N Y Y A R w S R A S F Y DVK1 >5pM 22
mv22 T G T D A I T Y D S Y A K A G D R E G Y DVK1  200nM 4
mv203 T D S G G R S Y S S N A K W P W Y N A w DVK2  700nM 9
mv24 S N T A G I N Y G T T A R E S G R G G Y DVKl  >5uM 27

Lib-1-Fabzip mV-301 N N N A G 1 T A G T Y A R E S S T G G Y DVK1 90 nM 2
mV-302 T N N G A Y S A G N Y A R W E R G A R Y DVK1 >5uM 9
mV-303 T S T G A Y S Y S T Y A R w S R R N K Y DVK1 600 nM 2
mV-304 T N N W A W S S S Y Y A R G D A S G R Y DVK1 47 nM 57
mv305 N N N W G v T N S A D A S Y R T D D Y A DVK2 >5uM 13
mV-306 S G N D A I T Y G Y Y A K A A G X A G Y DVK1 >5puM 6
mV-307 T N N G A X Y Y S Y T A K X D A X X G Y DVK1 41 nM 4
mv-308 N S S G G F T Y D Y D A R G X S w T R Y DVK1 110 nM 2
mv-309 T G N G A Y S T G S Y A R W S W G T G Y DVK1 >5uM 4

Lib-2 mV-401 S D Y W A G T A G Y Y A R F v F F L P Y NNS1 0.6 nM 65
mv402 T G S S A R S A G Y D A R Y F R W Y M A NNS2 80 nM 25
mV-403 T G S G G wW Y Y S N Y A R A L W A F v - A NNS2 25nM 10
mvV-404 N A S W G A Y Y S Y N A R W G H S T S r w NVT3 44 nM 100*

Deduced amino acids sequences at the positions that were randomized in the hbranes and the source of the H3 oligonucleotides (H3 oligo) are listed. Sequences with ambngumes were marked as
X. The binding affinities wer with petitive ELISA and rey d as ICs, values. The frequency (%) of each clone among the sequenced clones (see Table 3) is listed in the last
column.

* Clone mV-404 was the sole clone identified from a separate sorting of Lib-2 against mVEGE.
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codons, which is a reduction from the 18 codons
contained within the DVK codon. Therefore Lib-2-
NVT contains lower DNA degeneracy in CDR-H3
compared with Lib-2-DVK (Table 2) and, thus,
there is a smaller gap between the theoretical
diversity (the number of unique codon combi-
nations encoded by the mutagenic oligonucleo-
tides) and the actual library size. Furthermore, the
use of an NVT degenerate codon reduces the
number of non-functional clones, since, unlike
the DVK codon, it does not include a stop codon.
One shortcoming of the NVT codon is that it does
not encode Trp, which is commonly found to
make contact with antigens.**4! We addressed this
issue by doping one Trp codon through the
positions 95-100 (Table 2) and using a mixture of
oligonucleotides in library construction. The NNS
degenerate codon contains 32 codons that encode
for all 20 naturally occurring amino acids, so the
gap between the actual and theoretical library size
is the highest in Lib-2-NNS.

The three libraries were constructed separately
and pooled for use in binding selections against
antigen. Binding selections were performed in a
manner similar to that used for the first-generation
libraries by allowing phage pools to bind to
mVEGF immobilized in 96-well Immunoplates.
Following three rounds of binding selection, 80%
of the clones were found to bind specifically to
mVEGF and DNA sequencing of 50 clones
revealed three unique sequences (Table 3). An
additional unique clone (mV-404) was identified
from a separate solution phase sorting strategy as
used in light chain affinity improvement described
below. The affinities of the four clones were
estimated with competitive phage ELISAs, and
the best clone (mV-401) exhibited a sub-nanomolar
ICs value, which was a significant improvement
over the affinities obtained from Lib-1. Three of
the four unique clones, including that with the
highest affinity, came from Lib-2-NNS, and this
suggested that allowing all 20 amino acids in
CDR-H3 was important for finding a high-affinity
clone. We have observed this phenomenon with
other antigens (C.VL. unpublished results).
Indeed, the CDR-H3 sequence of the highest-
affinity clone could have been generated only by
an NNS codon, as it contained amino acids not
encoded by either the DVK or NVT codon.

Construction of the third-generation CDR-H3
library

We next expanded the heavy chain library by
incorporating multiple CDR-H3 lengths (Table 5).
In addition, we utilized a novel degenerate codon,
which was designed to encode for all 20 amino
acids but, unlike the NNS codon, with frequencies
that mimicked more closely those observed in
natural CDR-H3 sequences. To design this codon,
we examined the amino acid composition of
natural CDR-H3 sequences in the Kabat database
(Figure 2).* Since the lengths of natural CDR-H3s

vary greatly, we did not align the sequences.
Instead, we summed the occurrences of each
amino acid within the region bounded by position
94 and the position preceding position 101, as this
is the most variable region among natural anti-
bodies. These sums were used to calculate the per-
centage frequency of each amino acid within the
hypervariable CDR-H3 sequences. As reported,*
we observed that the amino acid composition was
more diverse than that observed in CDR-H1 and
CDR-H2, but there were significant biases
(Figure 2). For example, Tyr was the most frequent
aromatic amino acid, and Arg was significantly
more common than Lys or His amongst the basic
amino acids. None of the degenerate codons used
in the first and second-generation libraries could
effectively mimic the amino acid composition of
natural CDR-H3s (Figure 2). We therefore created
a modified version of the NNS codon, called the
XYZ codon, to bias the diversity toward the amino
acid usage in natural CDR-H3s. Unlike standard
degenerate codons that contain equimolar quan-
tities of two, three or four of the nucleotide bases
at degenerate positions, the XYZ codon contains
different proportions of the nucleotides at each of
the three codon positions (as described in Materials
and Methods), so that the coded amino acid distri-
bution resembles that found in natural CDR-H3
sequences better than other codons; nevertheless,
the over-abundances of Tyr in natural sequences
cannot be reproduced (Figure 2). Oligonucleotides
to encode for CDR-H3s with lengths that varied
from seven to 19 residues were designed so that
the C-terminal regions were restricted to resemble
the sequences of natural CDR-H3s and the frame-
work position 94 was allowed a limited diversifica-
tion to mirror the sequences of natural antibodies
(Table 5). Degeneracies were introduced by either
NNS or XYZ codons within the hypervariable
region. The NNS codon was included for the
shorter CDR-H3s, since it had the advantage of
coding cysteine less frequently than the XYZ
codon, but the longer CDR-H3s (= 14) were
designed exclusively with XYZ codons. A total of
150 clones from libraries designed with XYZ
codons were sequenced to demonstrate the actual
amino acid distribution matched closely with the
theoretical design (Figure 2).

Separate libraries were constructed for each
CDR-H3 length and, again, the same CDR-H1 and
CDR-H2 designs were used (Table 1); each library
contained 2 X 10° to 4 X 10° unique members. The
libraries were constructed in a Fab.zip format to
enable bivalent display, since this would increase
the efficiency of binding selections and thus the
probability of finding positive clones for a broad
range of antigens.®® The individual libraries were
pooled to produce the third-generation library
(Lib-3), which contained a total of ~4x 10%
unique members. Lib-3 was used to select against
a panel of 13 protein antigens, and individual
clones were screened after four rounds of selection
against immobilized antigens. For most antigens,



Table 5. Design for the CDR-H3 in the length diversity library, Lib-3

CDR-H3 (95:102)
Oligonucleotide Length
] () % % 7 8 10 102

H37a A R/K NNK  NNK  NNK  NNK . . . . . . . . - . . . F D Y 7
H37b A R/K nz xz Kz Xz . . . . . . . . . . . . F /A Y 7
H3ZC A RSN Xz X2 Xz Xz . . . . - - - . . . FL  G/V/D/A Y 7
H3-8a A R/K NNK  NNK  NNK  NNK K - . . . . . . . . . . P D Y s
H38b A RMSN X7 Xz xz xz . . - . - . - . . . . FIL  G/V/D/A Y H
H38 A RMSIN  XZ XZ  X0Z X2 xz . - . . - . . . . . . FIL D/A ¥ H
H3%a A R NNs  NNs NNs M v IGIV . . . . . . . . . M o Y 9
H3SD A R NNS  NNS NNs  NNS  W/S/AIG  A/G/V . . . . . . . M o Y s
H39c A R/K NNK  NNK  NNK  NNK NNK NNK - . . . . . - . £ o Y 9
H39d A R/K Xz xz Xz xz Xz Xz - . . . . . . . . . E D/A Y 9
H3% A R/K Xz xz xz Xz Y A . . . . . . . . M [ M H
H391 A R/K XZ Xz Xz Xz WIS/AG A . . . . . . . . : M o M H
310 A R NNS  NNS  NNS  NNS NNS Y AIGIV . . . . . . M D Y 10
H3100 A R NNS  NNS  NNs  NNS NNs W/S/AIG  AIGIV . . . . . . . M D Y 10
H310c A R/K NNK  NNK  NNK  NNK  NNK NNK . - . . . . . F 0 M 1
H3104 A R/K Xz xz xz Xz xz xvz xz . . . . . ¥ D Y 10
H3-100 A R/K Xz xz Xz Xz xz Xz . . - . - FL GN/D/A X 10
H31la A R NNS  NNS  NNS NS NNS Y AlcHY . . . . - M D ¥ u
H3Ib A R NNS  NNs NN NNs NS NNS WISIAIG MGV - . . . - ™M 0 Y i
Hi-lle A R/K XZ Xz XZ Xz xvz xvz X1z X1z - - . . . F o Y n
H3lld A RM/S/N X xz xz xvz Xz W/S/AIG  G/V/D/A . - . - M o Y u
H31le A RMHBS/N  XZ XZ XNZ  Xa xvz Xz Y GIVIDIA - . - . M D Y u
H312a A R NNS  NNS  NNS  NNS NNS NNS NNS WIS/AIG  A/GIV - - - M o Y 12
H3-12b A R NNS  NNS NNS  NNS NNS NNs aNs Y AIGIV . . - - M D Y 12
H312¢ A R Xz Xz Xz xw xz xz xvz xvz . . . . L D Y 2
H3-12d A R/K Xz xz xwwmz xa Xz xz xz W/S/AIG A - - - - M o Y 2
312 A RMHS/N  XZ Xz Xz X xz Xz xz W/S/AIG  GIV/DIA - - . M o Y 2
H32A A RMSIN Xz XZ Xz X X Xz xz G/V/D/A . . . M o Y 12
H313a A R Xz xz  xz Xz xz xvz xz xvz xz Xvz - . . - . F/L o Y 13
H33b A R NNS  NNS  NNS  NNS NNs NNs NNS NNS Y ALGIV - . . . - M D Y 13
H313c A ® NNs  NNS NNs  NNs NNS NNs NNS NNS W/S/A/G  AIGIV - . - . - . M D Y 13
H313d A R/K Xz xz xz xz Xz xz xz xz 3 A . . . . - . M D Y 1B
H3-13e A R/K Xz xz xz Xz xz xz Xz xz W/S/A/G A - - . . . . M D Y 13
H3B A R/K Xz Xz Xz Xz xz Xz Xz Xz Y A/GIY . - . - . . M o Y 1B
H313g A R/K Xz xz xz xz xz Xz vz xz WISIAIG  AIGIV . . . . . . M D ¥ B

314 A R/K Xz xz xz X2 Xz xz xvz Xz xvz v A . . . . M D Y 1
H31b A R/K xz xz xz xz xz Xz Xz xvz xz WIS/AIG  A/GIV . . M D Y u
H3I52 A R/K Xz xz xz xaz xz xz xz xvz xvz xvz Y AIGIY . . . . M o Y 15
H315b A R/K Xz xz xz Xz Xz Xz Xz Xz xz xvz WISIAIG  AIGIV . . . . M D Y 15
H3162 A R z xz xz xz xz xz xz xz xvz xvz xz W/SIAIG MGV . . M D Y 16
H36 A R Xz xz xz xuz Xz xvz xz xz xz xvz Xz Y AIGIV . . M D Y 16
H3:17a A 3 xz xz oz xaz xvz xz xz xz xvz xvz xrz xz WISIAIG  AIGIV . ™ D ¥ 7
37D A R Xz xz xz ¥z xvz xvz Xz xz Xz xvz xz xz Y AIGIV . M D Y v
H318a A R Xz xz xz X2 xvz xz xvz xvz xvz xz xz xz xz WISIAIG  A/GIV M D Y 1
H3I8 A R Xz xz xz Xz xvz Xz Xz Xz xvz xvz xz xz xz Y A M D Y 18
H319 A R Xz xz xz Xz xz xz xvz xvz Xz xvz xz xvz xvz xvz v MGV M o Y 1

Designs for CDR-H3 sequences with lengths of seven to 19 residues are listed. CDR-H3 positions 95-102 and a f; k position 94 were diversified (Kabat numbering).* Degeneracies are

shown as either degenerate codons (italics) or amino acids (plain text). The XYZ codon is a modified version of the NNK codon with unequal proportions of nucleotides (see Materials and
Methods).
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Figure 2. Relative amino acid composition of human CDR-H3 sequences compared to the compositions coded by
various degenerate codons. The occurrences of each amino acid within the region bounded by position 94 and the
position preceding position 101 were calculated for over 3600 human antibodies from Kabat database (white bars).
The theoretical compositions of amino acids coded by DVK, NVT, NNS (or NNK) or XYZ (black bars) and the actual
composition by sequencing 150 clones of XYZ-coded libraries (grey bars) were compared to the natural frequencies
(white bars). The standard single-letter code for amino acids was used and X represents stop codons. See Materials

and Methods for a detailed description of the XYZ codon.

specific binding clones were obtained with
relatively high frequency at round 4 (Table 6). For
each of the 13 antigens, between two and 15
unique clones were found by sequencing five to
72 binding clones (Table 6). Affinities of these
unique clones were measured with phage com-
petition ELISAs. For nine out of the 13 antigens,
we identified antibodies with better than 10 nM
affinities, and for the rest of the antigens, low
nanomolar binders (25-130 nM) were found and
the highest-affinity clones were often the dominant
clones. The heavy chain CDR sequences of the Fabs
selected for binding to some of the antigens are
shown in Table 7. Some of the best clones were
purified as free Fab or IgG proteins and binding
affinities were confirmed with solution-phase bind-
ing assays (Table 7).

Next we compared the distribution of lengths
and amino acid composition of the CDR-H3
sequences of the 70 unique binding clones isolated
against the 13 protein antigens to those observed
in natural CDR-H3 sequences (Figure 3).* The dis-
tribution of length of the synthetic CDR-H3s was
similar to that of natural CDR-H3s in that lengths
of between 11 and 13 amino acid residues were

Table 6. The sorting results of Lib-3 with expanded CDR-
H3 length

Protein antigen Positive (%) Unique/sequenced
mNKG2D ECD 88 6/28
migE 84 6/26
mTissue Factor 34 4/32
mAPRIL ECD 56 15/18
TENB2 ECD 16 5/10
c-Met ECD 6 5/5
HGEF 2 chain 87 3/56
Matriptase 12 3/6
Cthrcl full length - 51 3/24
Cthrel short form 83 5/72
CystatinS . 83 2/40
TFF-1 79 2/37
SPINK4 89 11/42

The performance of Lib-3 against 13 targets after four rounds
of selection is shown with the percentage of specific binding
clones (Positive (%)) and the number of unique sequences
amongst the number sequenced (Unique/Sequenced). Antigens
include murine proteins (indicated by the prefix m), and
human proteins. The following abbreviations are used: Cthrc 1,
collagen triple helix repeat containing 1; TFF-1, trefoil factor 1;
SPINK4, serine protease inhibitor Kazal type 4.




Table 7. Sequences of the randomized heavy chain CDR residues of the some selected antibodies from Lib-3
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most prevalent (Figure 3A). The CDR-H3 lengths
that contributed to the highest-affinity clones for
the 13 antigens (asterisks in Figure 3A) spanned
the entire allowed range of lengths. Furthermore,
the amino acid composition of the synthetic CDR-
H3s was similar to that of natural CDR-H3s
(Figure 3B). As we characterize more functional
antibodies from this library, it will be interesting
to further compare the sequences to those of
natural antibodies.

Affinity maturation by the introduction of light
chain diversity

In all of the libraries described above, the light
chain was held constant and diversities were intro-
duced in the heavy chain CDRs alone. Thus, we
next investigated whether we could exploit light
chain diversity as a means of further improving
the affinity of a selected heavy chain sequence. We
chose light chain CDR positions for the introduc-
tion of diversity based on the principles applied to
the heavy chain CDR design; positions that were
highly solvent-accessible in the crystal structure of
h4D5* and/or were highly variable in the Kabat
database were randomized using the diversity of
natural light chains as a guide (Table 8).* Target
diversity was defined by calculating the prevalence
of the different amino acids within each light chain
position in approximately 1500 human kappa light
chain sequences, as described above for CDR-H1

16 .47 18 19 Figure 3. The CDR-H3 length dis-

tribution and amino acid compo-
sition of binding clones from Lib-3,
which contains libraries with CDR-
H3 sequences ranging from seven
to 19 residues in length. The
sequences of 70 clones selected for
binding to 13 antigens were com-
piled to determine (A) the distri-
bution of CDR-H3 lengths and (B)
the amino acid composition (black
bars) and compared to Kabat
Database® for CDR-H3 length and
amino acid composition (white
bar). The asterisks in (A) indicate
the CDR-H3 length for the best
binding clone isolated against each
¢ of the 13 antigens.

and CDR-H2. The randomization at each site was
tailored to ideally cover at least 70% of the natural
diversity without encoding additional, rare amino
acids (Table 8). In total, 13 positions within the
three light chain CDRs were chosen as sites for the
introduction of additional diversity (Figure 1).

The light chain library was combined with the
heavy chain sequence of anti-mVEGF clone
mV401 (designated G6) displayed as Fab. Follow-
ing stringent selections for high-affinity binding
(see Materials and Methods), 70 clones were
sequenced and we found that most of the clones
were unique. The results suggested that mutations
in the light chain are sufficiently diverse that the
library contained many clones that retained or
improved upon the binding affinity of the Gé
parent. A high-throughput affinity-screening assay
was used to estimate the affinities of the selected
clones, and 16 G6 descendants with new light
chains and improved affinities were identified
(Figure 4A). All of the improved Gé6 descendants
had new CDR-L3 sequences but most retained the
original CDR-L1 and CDR-L2 sequences. This
could be due to the design of the template with
stop codon embedded only in CDR-L3 and there-
fore the high occurrence of parental CDR-L1 and
CDR-L2.

Three of the affinity-matured Fabs (G6-8, G6-23
and G6-31) were purified as Fab proteins, and
their affinities for mVEGF were compared to G6
by using surface plasmon resonance (SPR) tech-
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Table 8. Target diversity and design diversity of CDR-L1, CDR-L2 and CDR-L3

. Target diversity Design diversity
Positions -
Prevalence in natural antibodies% Codon  Residues encoded  Coverage%  Oligonucleotide

L1-D28 S N VvV D G 1 RDT SNVDGI 94 '
3 17 17 12 12 3

L1-V29 1 S V G N RKT ISVG 86 L1
40 18 16 12 10

L1-530 S N K G R Y T D A RVM SNKGRTDA E 93 L1
55 1 1 6 5 4 2 2 1

L1-T31 S N T R I D K G ANW SNTRIK 94 L1
4“4 32 1 3 2 2 2 1

L1-A32 Y N W F S D R THT YFS 76 1
67 8 6 5 4 3 2

L1-v33 L \4 CTG L 94 L1
9 2

L2-550 G A D W K L E S§ KBG GAWLS V 65 L2
25 22 19 10 8 6 3 2

L2-F53 S N T K I R AVC SNT 92 L2
36 29 27 3 2 1

L2-Y55 A Q E F D GMA AE 64 L2
45 24 19 3 3

L3-591 Y S R A G H T™MT YS 66 L3ab
54 12 11 7 4 3 SRT RGHD 18 L3cd

L3-Y92 Y G N 8§ D L T H 1 DMC YNSDT A 61 L3 ad
23 22 15 12 7 6 4 3 2

L3-T93 S N Q T H G D R RVT SNTGD A 79 L3ad
6 21 7 6 4 3 3 2

L3-T94 S T W Y L F A P V NHT  STYLFAPVI NDH 79 L3 a-d
24 23 18 1 7 5 3 3 2

1L3-P96 L Y W F I R P TWT YF 22 3ac
2 13 11 9 7 7 3 YKG LIWR 40 L3bd

Positions chosen for randomization in CDR-L1, CDR-L2 and CDR-L3 are listed with h4D5 residues. Target diversity is a group of
residues that cover over 90% of approximately 1600 human antibodies in the Kabat database. The prevalence (%) of each amino
acid at a given position is shown. Design diversity is a group of residues encoded by a tailored degnerate codon (italics) chosen so -
that the coverage of natural target diversity by one codon or a combination of codons is close to 70% or higher. Each codon was
designed to minimize amino acids not present in the target diversity (bold text). Several oligonucleotides were mixed for the library

construction as described in Materials and Methods.

nology with VEGF immobilized on a sensor chip
for the rate of dissociation (off rate, k.g) and fluor-
escence quenching in solution for the rate of
association (on rate, kon) (Figure 4A and B) From
initial SPR experiments, it was noted that there
was significant k,, improvement, but the k., deter-
minations from SPR method for the affinity-
improved Fabs were not statistically acceptable.
The estimated ko, of the improved clones were
about three- to sixfold lower than the measure-
ments by solution-based fluorescence quenching
assay, whereas ko, measurements for parent Gé
Fab from SPR was statistically sound and within
1.2fold difference with fluorescence quenching
assays. It is possible that using BIAcore SPR tech-
nology for fast on-rate measurements was limited
by the complex flow dynamics, or there could be
some differences in protein behaviors between the
parent clone and affinity-improved clones, though
aggregation problems were not observed with
these proteins. On the basis of the fluorescence
assays, the three Fabs exhibited improvements
over G6 in the on-rate by six-, eight- or 20-fold for
G6-8, G6-31 or G6-23, respectively. Fab-G6-31 also
exhibited an approximately fourfold improvement
in the off-rate, and as a result, the affinity of Fab-
G6-31 (K4 =16 pM) and Fab-G6-23 (K4 = 21 pM)
was ~40-60-fold improved compared to the G6

parent (Kyq =910 pM). It was consistent with the
solution phase competition assays, which showed
a 20-60-fold improvement in ICs, value for G6-31
(30 pM) or G6-23 (10 pM) in comparison with G6
(0.67 nM). We applied the light chain affinity
maturation strategy to five other heavy chain
sequences and have observed tenfold to 30-fold
improvements in binding affinities (data not
shown). Unlike G6, many improved clones
adopted new sequences for all three light chain
CDRs. Thus, our two-step strategy of heavy chain
CDR randomization followed by light chain CDR
randomization has proven capable of generating
Fabs with binding affinities in the sub-nanomolar
and even low picomolar range (Figure 5).

Discussion

We have constructed fully synthetic antibody
phage libraries with a single Fab framework and
randomized CDRs in a two-step manner: heavy
chain and then light chain. The strategy of mimick-
ing the biased diversity of natural CDRs by fine-
tuned synthetic design was employed to restrict
the degeneracy of the synthetic antibody library,
and to generate antibodies with sequences similar
to those of natural antibodies. Fabs with affinities
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Figure 4. The affinity improvement of the anti-mVEGF Fab G6 by light chain randomization. Light chain CDR
residues were chosen and randomized as described in Table 8, and in Materials and Methods. (A) The deduced
amino acids sequences of the improved G6 clones at randomized light chain positions are shown. The residues that
were the same as the parental G6 sequence are shaded. Each clone was analyzed with a competition phage ELISA to
compare its affinity with the G6 parent as an ICs, value. The errors from three independent assays were in the range
of 5~-50%. Binding kinetic parameters of the Fab proteins of clones G6, G6-23, G6-31, G6-8 were determined with fluor-
escence quenching solution assay for kon and surface plasmon resonance experiments using a BlAcore™ — 2000 for ko
at 25 °C. For G6, kon from BlAcore SPR method is given in parentheses. The Ky values were derived by dividing ko
with kon. The representative data from three sets of experiments are shown and the errors were within 50%. See
Materials and Methods for details. (B) The sensograms for injection of 500 nM Fab at 37 °C over mVEGF immobilized
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Figure 5. Two-step method of obtaining high-affinity
antibodies from synthetic antibody phage libraries.
Libraries with randomized heavy chain CDRs were
used in the first step to select low nanomolar binders
against antigen. If higher affinities are needed, the light
chain CDR was randomized to obtain high-affinity
clones in the second step.

in the low nanomolar range were obtained for
most antigens from the first step of selection with
heavy chain libraries. If a clone showed desired
properties and higher affinities were required, the
second step of affinity improvement could then be
carried out to yield antibodies with sub-nanomolar
or even picomolar affinities.

The ultimate goal for a combinatorial antibody
library is to have a universal library capable of gen-
erating high-affinity antibodies against any antigen
without the need for affinity maturation; this has
been difficult to achieve for synthetic antibody
libraries using a single-template framework. We
have advanced significantly toward that goal by
producing a library that can reliably provide anti-
bodies of low nanomolar affinities to many target
antigens. This library is comparable to other
libraries utilizing multiple frameworks. Many
elements contributed to the success; the significant
increase in binding affinities from ~100nM
(Lib-1) to sub-nanomolar and low nanomolar
(Lib-2) arising from a difference in the diversity
design indicates clearly that the diversity design
can play an important role in the performances of
synthetic antibody libraries. Moreover, the opti-
mized framework used to support the functional
display of diverse CDRs was an important foun-
dation for success. The framework of humanized
4D5, derived from one of the most frequently
used germline origin (Vi1-1 and Vyx3-23), was
used, since it displayed well on phage as Fab and
scFv, monovalently or bivalently***® The Fab for-
mat was chosen, since it is stable and converts
reliably to IgG, even though it displayed less well
than scFv. The option of bivalent Fab display
increased avidity to assist in the isolation of weak-
affinity clones but still allowed selection based on
affinity. Fab and Fab.zip libraries resulted in
smaller numbers of distinct clones than scFv
libraries, but the best clones from each selection

provided information on the performance of the
library, and various diversity designs were clearly
differentiated without having to sort through the
larger number of different clones isolated from an
scFv library.®

The optimum diversity design requires a balance
between having diversity large enough to include
high-affinity antibodies and restrictive enough in
sequence space to be productive, so that diversity
would not overly exceed the capacity of the library
(~10"). In our heavy chain library, we chose 17
residues for randomization. Without tailored
codons to restrict the diversity, the degeneracy
(32" =10%) would be overwhelmingly greater
than the actual library size. While we found that
restricted diversity in CDR-H1 and CDR-H2
improved library performance, we found that the
libraries benefited from highly diverse CDR-H3
sequences, even at the cost of having a large DNA
degeneracy. Thus, our successful Fab libraries
proved to be those in which CDR-H1 and CDR-
H2 diversities were highly restricted but CDR-H3
was highly diverse in both length and amino acid
composition.

The diversity of natural antibodies provided the
necessary guidance for where and how to restrict
synthetic diversity. The amino acid compositions
at most' CDR positions of natural antibodies are
highly biased, and the diversity increases incre-
mentally from CDR-H1 to CDR-H2 to CDR-H3,
with CDR-H3 being the most diverse of the three.
In our design, we devoted 102, 10* and >10%-10%
(length 7-19) in designed diversity for CDR-HI,
CDR-H2 and CDR-H3, respectively, to mimic that
hierarchy. Further, when examining the diversity
within natural CDR-H1 and CDR-H2 sequences,
we observed a hierarchy among the different
positions. For example, positions 33 and 50 are the
most diverse positions in CDR-H1 and -H2,
respectively (Table 1). It is interesting to note that
residues at these positions cluster structurally near
the center of the antigen-binding site where CDR
loops H1, H2, H3 and L3 are in close proximity
(Figure 1). We believe that this arrangement pro-
vides a glimpse into how antibodies harness the
power of the combinatorial diversity of the CDR
loops, as the residues within this region (e.g.
heavy chain positions 33, 50, 95, and 100 and light
chain positions 91 and 96) have often been shown
to be functionally important for antigen
binding.*** It will be interesting to see if these
positions will be the functional hotspots for the
antibodies derived from our synthetic phage
libraries since the diversity design of the
library had attempted to mimic this hierarchy
(Table 1).

BlAcore chip demonstrate the off rate and on rate improvements. (C) From the fluorescence quenching assays, the
observed rate (ks 57') of complex formation between G6 and variant Fabs and mVEGF as the rate of the decrease of
fluorescence intensity was plotted against the concentrations of mVEGF (nM) used and the slope based on the

pseudo-first-order analysis was the on-rate ( X 10° M~ s™%),
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CDR-H3 design was shown to be key for obtain-
ing high-affinity binding clones. We observed that
restricting CDR-H3 diversity with a tailored
genetic codon (DVK) in scFv (Lib-v1), Fab (Lib-1-
Fab) and Fab-zip (Lib-1-Fab.zip) libraries yielded
antibodies against mVEGF with moderate affinities
in the 100 nM range. When all 20 amino acids were
allowed in CDR-H3 in subsequent libraries (Lib-2),
the affinities of the positive clones improved to the
low nanomolar or even sub-nanomolar range. This
could arise if some amino acid types were needed
for optimal binding sequences but not included or
in low supply in the restricted CDR-H3 codons, or
if the prevalence of the undesired amino acid
types was decreased in the codon that covers all
20 amino acids. The preference or rejection of par-
ticular amino acid types could certainly vary with
individual antigen target of different chemical and
structural characteristics. It is unlikely that any
one design for CDR-H3 will be universally optimal
and equally productive. Indeed, the number of
acquired unique clones varied greatly from antigen
to antigen. We rely on the supposition that
multiple solutions exist for each protein—protein
interaction. NNS and XYZ may not be the final
synthetic design for CDR-H3, but they clearly
were sufficiently productive in the present work.
With the recent availability of trinucleotides?, the
coverage of natural diversity in CDR-H3 could
conceivably be improved by increasing the
prevalence of Tyr as in natural antibodies, which
XYZ does not mimic adequately. As we expanded
the diversity of CDR-H3 lengths in Lib-3, we
observed that the best binding clones for different
antigens utilized different CDR-H3 lengths. These
results suggest that highly diverse CDR-H3
sequences, in terms of both length and amino acid
composition, were important for obtaining high-
affinity clones from the synthetic antibody
libraries. This is consistent with the fact that in
natural antibodies, CDR-H3 is the most diverse
hypervariable region, and it is a major determinant
for binding specificity and affinity.?*’%5-%" Indeed,
one of the first experiments with synthetic anti-
body libraries demonstrated that CDR-H3
diversity alone could generate antibodies with
respectable affinities in the micromolar to sub-
micromolar range.’®

Besides optimizing the diversity design, the
other important element for antibody phage library
is the library size. For any combinatorial library
intended for use in finding novel binding clones,
the ideal situation is a library sufficiently large
that it fully represents the designed sequence
space. However, for antibody libraries, or other
combinatorial libraries, the sequence space is often
bigger than library size due to practical limitation
in generating libraries. Thus, larger libraries can
be expected to perform better. For natural antibody
libraries, it was shown that the library size was

thttp:/ /www.glenres.com

important for finding high-affinity antibodies.’**
For our synthetic antibody library, we found that
optimum diversity design, as well as library size,
played a significant role. Phage libraries with
diversities of 10°-10' could be constructed with
relative ease using optimized methods,*® but we
observed that a larger library (Lib-2-DVK,
4.1 x 10°) performed worse than a smaller library
(Lib-2-NNS, 8 X 10%) when they differed in diver-
sity design. With any desired diversity design, a
larger library will be beneficial if it narrows the
gap between intended and actual library diversity.
For our final library (Lib-3), we expanded the
length of the CDR-H3. The degeneracies increased
exponentially with increased lengths. Lib-3, in
fact, had a wider gap between actual and designed
degeneracy even with a library size of 4 x 10%,
than earlier libraries with restricted CDR-H3
lengths (e.g. Lib-2 of size ~10°). XYZ was intended
to narrow the gap by biasing the library toward
productive sequences and it was quite successful.
To further improve the library, reducing the gap
will be important. Possible strategies include closer
examination of the bias among different positions
within CDR-H3 of different lengths and using tri-
nucleotide synthesis to mimic the biased amino
acid compositions for all three heavy chain CDRs.

It is a common notion that the light chain is
much less important than the heavy chain for inter-
acting with antigen. There were cases in natural
antibodies where the light chain had no contact at
all with antigen,*® and indeed, the light chain has
been totally dispensed within a significant pro-
portion of the camelid immune repertoire.” Semi-
synthetic libraries with multiple Vy germlines and
synthetic CDR-H3 together with a single light
chain was shown to be able to produced specific
antibodies to some antigens with moderate
affinities. The heavy chain libraries we con-
structed with a single light chain yielded anti-
bodies with high affinities and specificities.
Altering light chain sequences, however, was
known to influence the affinities of antibodies; one
early example used light chain shuffling for affinity
improvements.”® Previous synthetic antibody
libraries reported by others included mostly CDR-L3
in randomization together with heavy chain.’®%22
As we employed light chain randomization to
improve the affinities of our antibodies from the
heavy chain library, many new light chain
sequences disrupted the antigen binding. In fact,
over 80% of the light chain-randomized clones
that displayed well lost their antigen-binding
function (data not shown). Nevertheless, the
remaining library members were sufficiently
diverse to provide many solutions with improved
binding affinities, and clones with improvements
in both the on and off rates were identified. It will
be interesting to compare the results of other
methods for affinity maturation to those obtained
from light chain randomization. For example,
further limited randomization of selected heavy
chain CDR sequences could lead to affinity
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improvements, since the naive library could not
fully represent all possible heavy chain sequences.

In conclusion, fully synthetic antibody libraries
were generated with a single framework by
tailored randomization of the heavy chain CDRs
to mimic natural diversity. Restricted diversity in
CDR-H1 and CDR-H2 combined with high
diversity in CDR-H3 was important for the gener-
ation of high-affinity Fabs from naive synthetic
repertoires. The affinity of selected heavy chain
fragments could be further improved by the sub-
sequent introduction of diversity in the light
chain. In the end, low picomolar affinities were
obtained with antibodies that contained synthetic
diversity in the hypervariable loops.

Materials and Methods

Materials

Enzymes and M13-KO7 helper phage were from New
England Biolabs. E. coli XL1-Blue was from Stratagene.
Bovine serum albumin (BSA), ovalbumin, and Tween 20
were from Sigma. Neutravidin, casein and Superblock
were from Pierce. Immobilized protein G and anti-M13
conjugated horse-radish peroxidase (HRP) were from
Amersham Pharmacia. Maxisorp immunoplates were
from NUNC (Roskilde, Denmark). Tetramethylbenzidine
(TMB) substrate was from Kirkegaard and Perry Labora-
tories (Gaithersburg, MD). All protein antigens were
generated by research groups at Genentech, Inc. DNA
degeneracies were represented using the IUB code and
represent equimolar mixtures unless indicated other-
wise: N=A/C/G/T, D=A/G/T,V=A/C/G,B=C/
G/T, H=A/C/T, K=G/T, M=A/C, R=A/G,
S=G/C,W=A/T,Y=C/T.

Phagemid vectors for library construction

Phagemids pV0350-2b and pV0350-4, were designed
to display h4D5 Fab monovalently or bivalently, respect-
ively, on the surfaces of M13 phage particles. The vector
pV0350-2b was constructed by modifying a previously
described phagemid (pHGHam-glIl) that has been used
for the phage display of human growth hormone (hGH)
under the control of a phoA promoter®* An open
reading frame in phGHam-glll that encodes for the
stll secretion signal sequence and hGH fused to the
C-terminal domain of the M13 minor coat protein P3
(cP3) was replaced with a DNA fragment containing
two open reading frames. The first open reading frame
encoded for the h4D5 light chain and the second
encoded for the variable (V) and first constant (Cyl)
domains of the h4D5 heavy chain fused to cP3; each
protein was directed for secretion by an N-terminal stll
signal sequence, The amber stop codon between the
heavy chain fragment and cP3 was deleted, as this
modification has been shown to increase the levels of
Fab displayed on phage® An epitope tag (gD tag,
amino acid sequence! MADPNRFRGKDLGG)® was
added to the C terminus of the h4D5 light chain. The vec-
tor for bivalent display (pV0350-4) was identical with
pV0350-2b, except for the insertion of a DNA fragment
encoding for a GCN4 leucine zipper between the heavy
chain Cy1 domain and cP3 as described® The light
chain gene was further modified in both phagemids at

three positions to encode for amino acids most com-
monly found in the Kabat database of natural antibody
sequences; specifically, Arg66 was changed to Gly and
Asn30 and His91 were changed to Ser. These changes
were found to increase Fab expression and display on
phage. Standard molecular biology techniques were
used for vector and library construction, as described.®®
Site-directed mutagenesis was performed using the
method of Kunkel ¢t al.%!

Library construction

Phage-displayed libraries were generated using oligo-
nucleotide-directed mutagenesis and “stop template”
versions of pV0350-2b or pV0350-4 as described.® Stop
codons (TAA) were embedded in all three heavy-chain
CDRs. These were repaired during the mutagenesis reac-
tion by a mixture of degenerate oligonucleotides that
annealed over the sequences encoding for CDR-H1, -H2
and -H3 and replaced codons at the positions chosen for
randomization with tailored degenerate codons. Muta-
genesis reactions were electroporated into E. coli S5320
cells, and the cultures were grown overnight at 30 °C in
2YT broth supplemented with KO7 helper phage,
50 wg/ml of carbenicillin and 50 pg/ml of kanamycin.
Phage were harvested from the culture medium by
precipitation with PEG/NaCl as described.* Each elec-
troporation reaction used ~10" E. coli cells and ~10 pg
of DNA and resulted in 1 X 10°~5 x 10° transformants.

Three distinct libraries were made with degenerate
oligonucleotides tailored to mimic the natural diversity
of CDR-H1 and CDR-H2 (Table 1): library 1 with Fab or
Fab.zip template (Lib-1-Fab and Lib-1-Fab.zip), library 2
(Lib-2) with Fab template and library 3 (Lib-3) with
Fab.zip template. Two to four oligonucleotides for CDR-
H1 and CDR-H2 were combined to increase the coverage
of natural diversity. Lib-1 used oligonuleotides Hla and
H1b in the ratio of 2:1 for CDR-H1, and H2a and H2b
in the ratio of 1:2 for CDR-H2. Lib-2 used oligonucleo-
tides Hla-d (ratio 2:1:2:1) for CDR-H1 and H2a and
H2b (ratio 1 : 2) for CDR-H2. Lib-3 used oligonucleotides
Hla and H1b (ratio 2:1) and H2a-c (ratio 1:2:0.1) for
CDR-H1 and CDR-H2, respectively (see Table 1 for a
description of the oligonucleotides).

For positions 95-100 in CDR-H3, Lib-1 used a DVK
codon, which encompasses 18 codons and encodes for
12 amino acids (Tyr, Ala, Arg, His, Asp, Ser, Thr, Asn,
Pro, Gly, Trp and Cys) (Table 2), and the CDR-H3 length
was fixed at 11 amino acid residues (positions 95-102).
Lib-2 consists of a set of libraries that use different
degenerate codons (DVK, NVT or NNS) for CDR-H3
(Table 2). Lib-2-DVK used three lengths of CDR-H3 (11,
12, or 13 amino acid residues) with DVK codons and
was generated with three separate electroporations, one
for each CDR-H3 length. The NVT codon encompasses
12 codons and encodes for 11 amino acids (Tyr, Ala,
Arg, His, Asp, Ser, Thr, Asn, Gly, Pro, and Cys) while
the NNS codon encompasses 32 codons and encodes for
all 20 amino acids. Lib-2-NVT and Lib-2-NNS were
constructed separately, but in each case, the different
CDR-H3 oligonucleotides were combined in a single
mutagenesis reaction. Lib-3 consists of a set of libraries
with expanded CDR-H3 lengths containing either NNS
codons {or NNK codons) or a modified version of the
NNS codon (the XYZ codon) that contained unequal
nucleotide ratios at each position of the codon triplet.
X contained 38% G, 19% A, 26% T and 17% C; Y con-
tained 31% G, 34% A, 17% T and 18% C; and Z contained
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24% G and 76% C. The CDR-H3 design for Lib-3 is
described in Table 5. Separate mutagenesis reactions
were performed and electroporated for each CDR-H3
length, except for lengths seven and eight residues,
which were electroporated together.

Phage display of complete Fabs in each library was
examined by measuring the binding of 48 randomly
picked clones to anti-gD antibody. Lib-1-Fab and Lib-1-
Fab.zip had Fab protein displayed on 40-55% or
50-60% of the clones, respectively. Lib-2 with different
designs of CDR-H3 displayed similarly with 50%, 46%
and 56% positive clones for the DVK, NVT and NNS
libraries, respectively. For Lib-3, similar levels of display
were observed for the different CDR-H3 lengths, except
that libraries incorporating the longest CDR-H3s (from
15-19 residues) had a reduced percentage of Fab dis-
playing clones (15-30%). This may reflect the reduced
mutagenesis efficiency when using very long synthetic
oligonucleotides.

Library sorting and screening

For sorting, protein antigens were immobilized on
Maxisorp immunoplates and libraries were cycled
through four to five rounds of binding selections, as
described.*® Wells were blocked alternately using BSA,
ovalbumin or casein. Random clones selected from
rounds 3 through 5 were assayed using a phage ELISA
to compare binding to target antigen, an anti-gD anti-
body, and two non-relevant proteins for checking non-
specific binding. Clones that bound to only the anti-gD
antibody and target protein were considered to be
specific positives. The PCR fragments of the amplified
Vu regions were sequenced.

Light chain randomization for affinity improvement

To generate a light chain library for the affinity
maturation of anti-mVEGF clone mV401, a stop template
was generated by placing stop codons (TAA) in positions
91-96 in CDR-L3. For library construction, an equimolar
mixture of four oligonucleotides designed for the muta-
genesis of CDR-L3 (L3-a-d) was mixed with oligonucleo-
tides designed for the mutagenesis of CDR-L1 and CDR-
L2 at 1:1:1 ratio (see Table 8 for oligonucleotide
designs). The combined oligonucleotide mixture was
annealed to the mV401 stop template phagemid,” and
published procedures were used to perform a muta-
genesis reaction and E.coli electroporation. Since the
template had stop codons embedded only within CDR-
L3, mutagenesis of CDR-L3 alone would result in func-
tional display of a library member. Thus, mutagenesis of
CDR-L3 was obligatory for functional display, while
mutagenesis of CDR-L1 and CDR-L2 was optional.
Library phage was prepared as described above. The
first round of binding selection was performed with
mVEGF immobilized on immunoplates, and the follow-
ing rounds were performed by a solution-phase sorting
method with increasing stringency as described below.

Solution-phase sorting

A solution-phase sorting method was developed to
enhance the efficiency of affinity-based selection. First,
purified phage were incubated with biotinylated
mVEGF for one to two hours at room temperature in
PBS with 0.05% (v/v) Tween20, and 0.5% Superblock
(Pierce) (PST). Second, the mixture was diluted five- to

tenfold with PST and added to neutravidin-coated wells
for a brief (five minutes) capture of biotinylated
mVEGE A reaction lacking biotinylated mVEGF served
as a control to monitor background phage binding. The
plate was washed with PBS with 0.05% Tween20 (PBT)
and eluted with 0.1 M HCI for 20 minutes. Stringency
was modulated by the concentration of biotinylated
mVEGEF, the addition of excess non-biotinylated mVEGF
to compete for binding before capturing on neutravidin-
coated wells, and the duration and temperature of the
binding and competition steps. For the affinity improve-
ment of mV-401, the first round of solution sorting
employed 1.0 nM biotinylated mVEGF incubated with
phage for one hour at room temperature, followed by
the addition of 1.0 uM non-biotinylated mVEGF for
15 minutes at room temperature. The mixture was then
diluted tenfold with PST and captured using neutra-
vidin-coated wells for five minutes. The second round
used 0.1 nM biotinylated mVEGF followed by an incu-
bation with 100 nM non-biotinylated mVEGF at 37 °C
for 30 minutes. The third round used 0.1 nM biotinylated
mVEGF followed by incubation with 100nM non-
biotinylated mVEGF at 37 °C for two hours or six hours
before capturing with neutravidin-coated wells.

Single-point competitive ELISA

A high-throughput, single-point competitive ELISA
was used to screen for high-affinity clones.®® Briefly,
phagemid clones in E.coli XL1-Blue were grown in
150 pl of 2YT broth supplemented with carbenicillin
and M13-KO7 helper phage; the cultures were grown
with shaking overnight at 37°C in a 96-well format.
Culture supernatants containing phage were diluted
fivefold in PBST (PBT with 0.5% (w/v) BSA) with or
without the addition of 20 nM mVEGE After incubation
for one hour at room temperature, the mixtures were
transferred to a plate coated with mVEGF and incubated
for ten minutes. The plate was washed with PBT and
incubated for 30 minutes with anti-M13 antibody horse-
radish peroxidase conjugate diluted 5000-fold to ~1 nM
in PBST. The plates were washed, developed with TMB
substrate for approximately five minutes, quenched
with 1.0M H,PO,, and read spectrophotometrically at
450 nm. The ratio of the absorbance in the presence of
solution-phase mVEGF to that in the absence of solution-
phase mVEGF was used as an indication of the affinity.
A low ratio would indicate that most of the Fab-phage
were bound to solution-phase mVEGF in the initial incu-
bation stage and, therefore, were unavailable for capture
by immobilized mVEGF. Clones with low ratios were
chosen for further analysis.

Competitive phage-binding ELISA for
IC5, measurement

Phage clones were propagated from a single colony by
growing in 40 ml of 2YT culture supplemented with car-
benicillin and KO7 helper phage overnight at 30 °C.
Phage purified by precipitation in PEG/NaCl were first
diluted serially in PBST and tested for binding to an anti-
gen-coated plate. The dilution that gave 50-70% saturat-
ing signal was used in the solution binding assay in
which phage were first incubated with increasing con-
centration of antigen for one to two hours and then
transferred to antigen-coated plates for 10-15 minutes
to capture the unbound phage. ICs, was calculated as
the concentration of antigen in solution-binding stage

v



@

Synthetic Human Fab Libraries

1091

that inhibited 50% of the phage from binding to immobi-
lized antigen.

Fab and 1gG production, and affinity determination

To generate Fab or IgG proteins for affinity assays, we
cloned the variable domain into vectors designed for Fab
expression in E. coli or transient IgG expression in mam-
malian cells. The Fab expression vector was derived
from the phage display phagemid by deleting the
sequence encoding for ¢cP3 and adding an A terminator
sequence  (GCTCGGTTGCCGCCGGGCGTTTTTTAT)
about 20 nucleotides downstream from the stop codon
at the end of Cy1. Fab protein was generated by growing
the transformed 34B8 E. coli cells in AP5 medium at 30 °C
for 24 hours as described.® IgG was purified with
protein A columns and Fab was purified with protein G
affinity chromatography. The production yield for Fab
was typically 5-10mg/l in small-scale shake flask
growth and 05-3g/l in fermenter growth. IgG
production was reasonably high at 10-50 mg/I in small-
scale culture with some clone to clone differences.

For affinity determinations of anti-mVEGF Fabs, we
used SPR assays on a BlAcore™-2000 with immobilized
mVEGF CM5 chips at ~100 response units (RU) as
described.®® Fab samples of increasing concentration
from 3nM to 500nM were injected at 20 pl/minute,
and binding responses on mVEGF were corrected by
subtracting of RU from a blank flow-cell. For kinetics
analysis, 1:1 Languir model of simultaneous fitting of
kon and ko was used. For G6 variants that had increased
affinities, all available models were tried but the simul-
taneous fitting was unsatisfactory with ko, determi-
nations being unfittable to any models available. We
therefore utilized fluorescence quenching assays to
measure the ko, in solution. The change of fluorescence
intensity in complexing the Fab and VEGF was used to
determine the rate of association as developed for the
on-rate determination of Avastin variants and VEGE®
We first determined that the fluorescence intensity with
an excitation wavelength of 280 nm of G6 (or variants)-
VEGF complex was lower than the sum of individual
components using an 8000 series SLM-Aminco spectro-
phometer (Thermo-Spectronic) by adding 100 nM VEGF
to a stirred cuvette containing 20 nM Fab in PBS (pH
7.2), at 25°C. Next, increasing concentrations of VEGF
(100-400 nM) was mixed with equal volumes of 40 nM
Fab in a stop-flow (Aviv Instruments) equipped spectro-
photometer to observe the rate of the decrease of fluor-
escence intensity at 25°C. For each experiment, nine
measurements were performed for each concentration
and fit to a single-exponential curve. The observed rate
was then plotted against VEGF concentrations for
pseudo-first-order analysis, and the slope is the rate of
association. Two or three independent experiments were
carried out and the differences were within 50%. For
Fab and IgG binding to other antigens, ICs, values from
solution competition assays were reported. The solution
competition binding assay used biotinylated protein
antigens equilibrated with serial dilutions of purified
Fab or IgG proteins, and the unbound biotin-antigen
was captured with immobilized Fab or IgG coated on
Maxisorb plates and was detected with streptavidin-con-
jugated HRP. Alternatively, Fab or IgG proteins were
equilibrated with serial dilutions of protein antigen, and
the unbound Fab or IgG was captured with immobilized
antigen and detected with protein A-HRP.
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