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Abstract: The vascular cell adhesion molecule-1 (VCAM-1) plays an important role in inflammation,
where it facilitates the recruitment of leukocytes to the inflamed area via leukocytes’ VLA-4 and
endothelial cells’ VCAM-1 interaction. VCAM-1 expression is also upregulated in certain cancers.
VCAM-1 has seven Ig-like domains, with domains 1 and 4 shown to be critical for VLA-4 binding.
However, the specific functions of individual VCAM-1 Ig-like domains remain poorly understood.
In this study, we identified single-chain variable fragment (scFv) antibodies targeting domains 2, 3,
and 5 of VCAM-1, and investigated the ability of these antibodies to block VCAM-1-mediated cell
adhesion to macrophages. We show that scFv antibodies against Ig-like domains 2 and 3 interfere
with the ability of macrophages to bind endothelial cells, suggesting that these domains also play a
role in facilitating this interaction. These results emphasize the need to more carefully study the role
of each domain on VCAM-1 function and highlight the potential of targeting these VCAM-1 domains
for more tailored therapeutic interventions in inflammatory diseases and cancer.

Keywords: VCAM-1; scFv; Ig-like domains; macrophage attachment

1. Introduction

Vascular cell adhesion protein 1 (VCAM-1) is a cell adhesion molecule implicated in
a range of diseases, including atherosclerosis, immunological disorders (e.g., rheumatoid
arthritis (RA) and asthma), and cancer, among others [1–3]. VCAM-1 is expressed in a
variety of cells and tissues, including endothelial cells. VCAM-1 expression is induced by
proinflammatory cytokines [3] and it is involved in the recruitment of leukocytes during
inflammation [2]. For example, during atherosclerosis, endothelial cells express VCAM-1,
and this assists in the migration of monocytes to the atherosclerotic plaque [1]. Therefore,
VCAM-1 expression can be correlated with the extent of plaque formation, making VCAM-1
an ideal biomarker for atherosclerosis [1,3,4]. VCAM-1 expression is also upregulated on
the endothelium of rejected transplanted organs [3], and in breast cancer [5], lung cancer [6],
and colorectal cancer [7]. Due to its role in a range of physiological and medical conditions,
VCAM-1 has received considerable attention in the last decades.
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VCAM-1 is a 90 kDa type I transmembrane glycoprotein and a member of the im-
munoglobulin (Ig) superfamily of proteins [8]. VCAM-1 interacts with cell surface proteins
such as integrin α1β4 (VLA-4), one of the main binding partners, as well as other integrin
and non-integrin proteins such as Galectin-3 (in eosinophils), and SPARC/osteonectin,
among others [1–3,9–12]. VCAM-1 interacting proteins are critical during inflammation, as
they promote leukocyte migration/transvasation [12–16]. VCAM-1 interaction with (some)
protein ligands leads to downstream signaling resulting in cytoskeleton re-organization and
loosening of cell-to-cell junctions, which facilitates leukocyte transvasation [17]. VCAM-1
is composed of 3–7 Ig-like domains, a single transmembrane domain, and a 19 amino
acids cytoplasmic domain [1,8,18]. Human VCAM-1 is expressed as either seven (7D) or
six (6D) Ig-like domain containing forms, while mouse VCAM-1 has a 7D and a truncated
3D form [8,18,19]. In humans, the full-length 7D form, rather than the 6D form, is pre-
dominantly expressed [8,20]. The 7D protein shows efficient binding to VLA-4 and is the
primary mediator of cell adhesion [9,21]. The 6D VCAM-1 does not contain domain 4, and
shows less efficient cell adhesion, with decreasing efficiency of binding under increasing
shear force [1,21]. VCAM-1 can be proteolytically cleaved near the transmembrane domain
by matrix metalloproteinases (MMPs), including the sheddase ADAM17 [22,23], result-
ing in a soluble VCAM-1 version [24]. The level of soluble VCAM-1 6D form increases
in certain pathologies such as RA and systemic lupus erythematosus [25,26]). There is
high sequence similarity between Ig-like domains 1 and 4, 2 and 5, and 3 and 6, due to a
proposed intragene duplication event [18]. Of all duplicated domain pairs, domains 1 and
4 share the highest sequence similarity [27], and these domains are also involved in the
interaction of VCAM-1 with VLA-4, expressed in leukocytes [8,9,28]. Domain 2 appears
to be structurally required for domain 1 function, and specific residues in domain 2 are
involved in the interaction with VLA-4 (α1β4) and, more importantly, with α4β7 [29,30].
The interaction with Galectin-3, on the other hand, typically requires LacNAc disaccharides
(Galβ1-4GlcNAc) found internally in N- or O-linked glycans [14], suggesting that human
VCAM-1 could bind Galectin-3 through its Ig-like domains 3, 4, 5, and/or 6, which carry
1, 1, 2, and 2 N-linked glycans, respectively. On the other hand, domain 6 of VCAM-1
appears to be a key target for TNFα-induced angiogenesis [31], and the antibody blockade
of domain 6 impairs leukocyte transmigration but not adhesion, as well as lung cancer cell
migration [3,6,32]. To date, the functional roles of only some of the VCAM-1 domains have
been elucidated.

Due to the important role of VCAM-1 in a range of pathologies, several antibodies
targeting VCAM-1 have been developed [1] (see Supplementary Table S1). Anti-VCAM-1
antibodies have been tested in mouse models for their effectiveness against asthma [33] and
atherosclerosis [34,35]. Further, there are promising in vitro studies that utilize radiolabeled
anti-VCAM-1 antibodies to target and treat early-stage brain metastases [36]. In addition,
diagnostic ELISA kits for VCAM-1 expression have been used in multiple clinical trials
(clinicaltrials.gov). Clearly, VCAM-1 antibodies play important roles both in the laboratory
and the clinic.

Identifying new antibodies against membrane targets can be challenging. Monoclonal
antibodies (mAbs) are typically derived from single B cell/hybridoma clones [37,38] or
from phage display libraries [39]. One key aspect required for any successful antibody
discovery campaign is antigen presentation. The antigen should ideally be presented to
the polyclonal antibody pools as close to its native conformation as possible, which can
be difficult in the case of membrane proteins due to their hydrophobic transmembrane
domain(s) [40]. To ensure native conformation, membrane proteins can be expressed on
the surface of cells or other membrane environments such as nanodiscs [41]. Phage display
biopanning is an excellent in vitro platform for the discovery of new antibodies against
both soluble and membrane-bound targets like VCAM-1, and several mAbs derived from
phage display biopanning have been approved for clinical use [42,43].

Discovering antibodies against VCAM-1 is important not only due to the potential
medical applications of targeting VCAM-1, but also to understand the biological function of



Int. J. Mol. Sci. 2024, 25, 13650 3 of 21

this important molecule. Since the late 1980s, several groups have published anti-VCAM-1
antibodies (see Supplementary Table S1). These antibodies bind VCAM-1 domains 1, 4, and
6, or within the 1–3 and 4–7 domains of the molecule (Supplementary Table S1), and have
shed light on the functional aspects of VCAM-1. However, specific functional contributions
of some VCAM-1 Ig-like domains (such as domains 3, 5, and 7) and their association with
cell binding and intracellular signal transduction remain understudied. To increase the
toolbox of antibodies that recognize the specific Ig-like domains of VCAM-1, we performed
phage display biopanning using a naïve human phage display library [40] and panned
against membrane-bound mouse 7D VCAM-1. We identified multiple scFv antibodies that
bind Ig-like domains 2, 3, or 5. We show here that scFv antibodies binding Ig-like domains 2
and 3 significantly reduce the in vitro binding of macrophages to activated endothelial cells.
These results suggest that mVCAM-1 Ig-like domains 2 and 3 play important functional
roles, that these antibodies could help obtain a clearer picture of the structure–function
relationship between VCAM-1 Ig-like domains and VCAM-1 physiological roles, and that
antibodies targeting these domains could have diagnostic and/or therapeutic potential.

2. Results
2.1. Identification of Binders to mVCAM-1 Through Phage Display Biopanning

To identify scFv binders to mouse 7D VCAM-1 (mVCAM-1), we used a human naïve
phage display library [44] and we panned against full-length mVCAM-1 transiently ex-
pressed in mammalian cell lines. Whole-cell phage display biopanning allows the expres-
sion of VCAM-1, a transmembrane glycoprotein with multiple disulphide bonds, in its
native conformation with adequate post-translational modifications [40]. The full open
reading frame (ORF) of the 7 Ig-like domain mVCAM-1 was fused with a C-terminal eGFP
protein to monitor transfection efficiency, observe mVCAM-1 subcellular localization, and
for effective cell sorting through FACS. Importantly, the VCAM-1 C-terminus is intracel-
lular, and we expected no impact of the independently folding eGFP protein on VCAM-1
biosynthesis and trafficking. Indeed, VCAM-1-eGFP expressed and trafficked to its ex-
pected plasma membrane localization with efficiency (Figure 1D–F and Supplementary
Figure S1). We performed whole cell biopanning using the Jones–Mahler human naïve
scFv library (JM library) [44], and alternating mammalian cell lines (CHO XL99 cells for
round 1 and HEK293 suspension cells for round 2). Alternating cell lines during cell-based
biopanning facilitates the depletion of irrelevant cell surface binders due to the differences
in the surface proteome among the different cell lines, thereby improving enrichment of
relevant binders [40]. To check for enrichment of phages against mVCAM-1 in our phage
pools and select a phage pool for screening, we performed polyclonal flow cytometry on
the original library and the sub-libraries (Figure 1). We looked for an increase in the %
of GFP+/Phage+ events (top right quadrant of the graphs, Figure 1) in transfected cells,
indicating phage binding to cells with high mVCAM-1-eGFP expression (Figure 1D–F). The
JM library did not show specific phage binding to mVCAM-1 (Figure 1D, 1.75% of events
in GFP+/Phage+ quadrant) or non-transfected cells (Figure 1A, 0.04% of events in Phage+
quadrant), as expected. The round 1 and 2 phage pools showed increased unspecific cell
surface-binding to untransfected cells, also as expected since phage-binding cell surface
mammalian proteins will also be enriched in this method (Figure 1B,C, 15.3% and 22%
events in GFP-/Phage+ quadrant, respectively). However, we observed a clear increase in
mVCAM-1 phage-binding in Round 2 phage pool compared to the JM library and Round 1
phage pools (Figure 1D–F, 1.75% vs. 3.29% and 27.9% events in GFP+/Phage+ quadrant,
respectively), with some background binding observed, as expected (Figure 1D–F, 0.9%,
5.73%, and 10.1% events in GFP-/Phage+ quadrant). This result indicated that the biopan-
ning campaign was successful, and that we had effectively enriched for anti-VCAM-1
binding phages after two rounds of panning. To note, generally, three or four rounds
of biopanning are required for enrichment of scFv-phages against a target; however, we
obtained a clear enrichment of the library on Round 2, a result likely associated with the
quality and size of the antigen and its presentation format (Figure 1D–F). Performing further
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rounds of biopanning could have led to the isolation of phages with higher affinity/avidity
for mVCAM-1, but this also risked reducing sequence variability in isolated phages and
our chances of isolating binders to different regions of mVCAM-1 (a key goal of this work).
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Figure 1. Flow cytometry analysis of the phage pools showed enrichment of anti-VCAM-1 phages
in the round 2 phage pool. CHO XL99 cells non-transfected (A–C) or transfected with pEGFP-N1-
mVCAM-1 (D–F) were incubated with the Jones–Mahler human naïve phage library (JM library)
(A,D), round 1 phage pool (B,E), or round 2 phage pool (C,F). The plots depict GFP expression (x-axis)
vs. phage binding (y-axis).

To identify specific mVCAM-1 phage binders, we first screened a total of 262 phage
clones from the round 2 phage pool by monoclonal whole cell ELISA and identified several
positive clones (~6% positive clones) (Supplementary Figure S2). Next, we sequenced the
scFv encoding DNA of the positive clones to identify unique clones. Multiple sequence
alignment of the translated amino acid sequences of the clones identified eight unique scFv
sequences (Supplementary Figure S2, identified with numbers). The sequences for clones
1A9 and 2E6 were identified multiple times, while the other six sequences were represented
only once. The coding regions of the scFvs were confirmed by IgBlast (IgBlast tool (nih.gov).
Clones 1A9 and 2B9 had a kappa light chain, while the other six clones had a lambda light
chain. Clones 2D3 and 3H4 shared the highest total sequence similarity among all eight
clones (Supplementary Figure S3, left), with identical complementary determining regions
(CDR) 1 and 2 in the heavy chain as well as high total sequence similarity in their light
chains (Supplementary Figure S3, right). Clones 2E2 and 2E6 shared an almost identical
lambda light chain (Supplementary Figure S3, right). Clones 2D8 and 1A9 had identical
CDR2 in the heavy chain, but all other CDR sequences differ. All eight clones had a unique
CDR3 in the heavy chain (Supplementary Figure S3, middle), which is one of the most
critical determinants of antibody specificity [45]. Together, these results suggest that each
individual scFv likely binds to different mVCAM-1 epitopes and/or with varying affinities.

We used flow cytometry to confirm that all positive phage clones bound to mVCAM-
1-eGFP transiently expressed on the surface of CHO XL99 cells (Figure 2, red). Some
background binding to non-transfected cells was observed for some clones (2D8, 2E2, and
3H4), possibly due to the “sticky” nature of the phages and slight differences in sample
processing (Figure 2, blue). We observed two different binding patterns for the phages
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(Figure 2), as follows: while most phages followed a linear relationship between the phage
signal and GFP signal that eventually saturated and plateaued, some phages such as
2E2 and 2D3 showed a biphasic curve in which higher mVCAM-1-eGFP expression was
required to observe phage binding (Figure 2D,F). This result may suggest differences in
binding strength for mVCAM-1 by the different phage clones (possibly due to differences
in affinity of the scFvs for VCAM-1 or differences in the number of scFvs displayed on the
phage surface), or differences in epitope availability. In summary, we performed two rounds
of whole cell biopanning using a human naïve phage display library and mammalian cells
transiently expressing mVCAM-1, and isolated eight unique scFv sequences that bind the
7D mVCAM-1 isoform.
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Positive phage clones from round 2 phage pool selected by whole-cell ELISA were tested for binding
to mVCAM-1 by flow cytometry using CHO XL99 cells transfected with mVCAM-1-eGFP (red) or not
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During DNA sequence analysis, we also noticed that the amino acid sequence of
clones 1H3 and 2B9 contained undesired sequence liabilities. Clone 1H3 had two Cys
residues located within its CDR3-H which could lead to alterations in antibody-binding
specificity due to non-native disulfide bond formation and/or folding defects. On the other
hand, clone 2B9 had an N-linked glycosylation sequon in CDR2-H which could be occupied
following expression in eukaryotic cells. The presence of an N-linked glycan could impact
folding, expression, and/or binding of 2B9 antibodies to the target. Therefore, the 1H3 and
2B9 clones were not further pursued.

2.2. Verifying Expression and mVCAM-1 Binding for All Unique scFv-LPETGs

The other six unique clones were subcloned into a pET28b(+)-LPETG vector. The
LPETG tag is a sequence of five amino acids that can be used for sortase-mediated antibody
conjugation [46,47], allowing the construction of, for example, antibody drug conjugates
and other chimeras. The tag is located exactly between the end of the scFv sequence and the
LEHHHHHH C-terminal end containing the 6xHis tag, with no additional sequences, and
its presence did not impact expression compared to non-LPETG tagged scFvs. These scFv-
LPETG antibodies were expressed in E. coli SHuffle, a strain that promotes the formation of
disulphide bonds in the cytoplasm, which are essential for scFv antibodies. The size of the
scFv-LPETGs was calculated by ProtParam to be ~ 27 kDa (Supplementary Table S4), as
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expected for scFvs. Expression of the scFv-LPETGs in E. coli SHuffle cells was followed by
protein extraction and purification using a HisTrap column, dialysis, and concentration
(Supplementary Figure S4). All scFv-LPETGs were successfully expressed and purified
from bacteria.

To verify that the purified scFv-LPETG antibodies bound mVCAM-1 when not associ-
ated with a phage particle, we again performed flow cytometry (Figure 3). Non-transfected
cells (negative control), and cells transfected with mVCAM-1-eGFP were incubated with
purified scFv-LPETGs, and then stained with mouse anti-His antibody followed by anti-
mouse IgG-Dylight650 antibody. As expected, all unique scFv-LPETGs showed binding to
mVCAM-1, with only minor background binding of some of the antibodies to untransfected
cells (Figure 3). The linear vs. biphasic cell-binding patterns previously observed for the
phages were still observed with the purified scFv-LPTEG antibodies, indicating that this
is a property of the scFv and not of the phage-bound scFv clones (Figures 2D,F and 3B,D,
clones 2D3 and 2E2). In conclusion, all selected scFvs were expressed in bacteria and bound
mVCAM-1 expressed in CHO cells in the native membrane environment.
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Figure 3. Purified scFv-LPETGs bind mVCAM-1. ExpiCHO cells transiently transfected with
mVCAM-1-eGFP (red) or not (blue) were stained with purified scFv-LPETGs. The scFvs were
detected with a mouse anti-HIS antibody and goat anti-mouse Dylight650. Shown are the 6 unique
clones (A) 1A9, (B) 2D3, (C) 2D8, (D) 2E2, (E) 2E6, and (F) 3H4, and (G) anti-VCAM-1 CBL1300 as
positive control. The plots depict GFP expression (x-axis) vs. antibody binding (y-axis).

2.3. Ig-like Domain Antibody Binding Mapping

VCAM-1 has seven Ig-like domains, some of which have been associated with different
functions (Supplementary Table S1). To determine to which mVCAM-1 Ig-like domain the
discovered antibodies bind, we generated a suite of mVCAM-1 mutants in which up to
four different Ig-like domains were simultaneously deleted from mVCAM-1 (as depicted
in Figure 4A). Although all constructs were eGFP tagged, it was possible that some of the
mutations led to lower cell surface expression while not substantially reducing intracel-
lular GFP signal (Supplementary Figure S5). To ensure that all the deletion mutants were
expressed on the cell surface, we inserted an N-terminal FLAG tag between the signal
sequence and the first Ig-like domain in all constructs and performed flow cytometry using
an anti-FLAG antibody (Figure 4A,B). Addition of the FLAG-tag did not appear to nega-
tively influence the cell surface expression levels of the wild-type (WT) construct (compare
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anti-VCAM-1 binding to the untagged and FLAG-tagged WT constructs, Figure 4A,B,
Supplementary Figure S6). As expected, the anti-FLAG antibody bound to all constructs
(Figure 4B, Supplementary Figure S6), demonstrating that all constructs were expressed on
the cell surface. However, the ∆5–7, ∆6–7, and ∆7 constructs showed weaker anti-FLAG
binding when compared to the WT construct, with the ∆5–7 construct being the most
impacted (Figure 4B, Supplementary Figure S6), indicating lower cell surface expression of
these mutants. This result was not due to lower overall construct expression, since the GFP
signal in the cells transfected with the mutants was similar or higher than in the WT con-
trols (Supplementary Figure S5). Further, since the ∆5 construct showed similar or higher
anti-FLAG binding than the ∆6–7 and ∆7 constructs (Figure 4B, Supplementary Figure S6),
it was not the deletion of domain 5 that led to the substantially lower expression levels in
the ∆5–7 mutant (Figure 4B). While the lower expression of the ∆5–7 mutant could impact
the ability of the antibodies to recognize the remaining Ig-like domains on this construct,
the availability of the other well-expressed constructs was enough to provide certainty
regarding the location of the (main) antibody-binding site in the mVCAM-1 molecule.
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Figure 4. Ig-like domain mapping of the isolated antibodies. (A) Schematics of mVCAM-1 Ig-like
domain deletion mutants used in this study. (B,C) Flow cytometry analysis of the binding of the
commercial anti-mVCAM-1 antibody (CBL1300) (B,C), anti-FLAG (B), and our new full-length
IgG2a reformatted antibodies (C) to cells transiently transfected with mVCAM-1-eGFP WT (with
or without N-terminal FLAG) or FLAG-tagged Ig-like deletion constructs. Overall, VCAM-1 cell
surface expression was determined using anti-FLAG antibody or anti-VCAM-1 CBL1300 antibody (B).
CBL1300 required a different secondary antibody control than the FLAG antibody; therefore, results
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Flow cytometry analysis of the CBL1300 (M/K2) rat anti-VCAM-1 antibody showed
strong binding to the WT and the ∆4–7, ∆6–7, and ∆7 constructs (Figure 4C, Supplemen-
tary Figure S6). Binding of this antibody to the ∆5–7 construct was poor, similar to what
was observed with the anti-FLAG antibody (Figure 4B,C, Supplementary Figure S6). The
commercial antibody did not bind the ∆1, ∆1–2, and ∆1–3 constructs, showing similar bind-
ing as the secondary antibody-only control for those mutants (Figure 4B, Supplementary
Figure S6). These results indicate that the anti-VCAM-1 commercial antibody binds to the
Ig-like domain 1 in mVCAM-1, as previously shown (Supplementary Table S1), validating
our experimental design.

For this flow cytometry experiment, we used the full-length mouse IgG2a reformat-
ted versions of the scFvs (Supplementary Figure S7). As we hoped, the results demon-
strate that the antibodies bound to different Ig-like domains (Figure 4C, Supplementary
Figure S8). Antibodies 1A9, 2D8, and 2E2 appeared to bind the Ig-like 3 domain of mVCAM-
1 (Figure 4C, Supplementary Figure S8), since they were able to bind to all constructs except
for the ∆1–3, ∆2–3 and ∆3 constructs (Figure 4C, Supplementary Figure S8). Interestingly,
antibody 2E2 also showed reduced binding to the ∆4–7 construct, suggesting that the
binding site may include Ig-like domain 4, or may be affected by its deletion due to a con-
formational/structural change or to altered availability due to enhanced proximity to the
cell membrane of the ∆4–7 construct (Figure 4C, Supplementary Figure S8). On the other
hand, antibodies 2D3 and 3H4 appeared to bind the Ig-like domain 2, since they were able
to bind all constructs except for the ∆1–2 and ∆1–3 constructs (Figure 4C, Supplementary
Figure S8). To note, however, 2D3 also showed somewhat lower binding relative to the
WT construct for the ∆1 mutant, suggesting that the binding site for 2D3 may be close to
and/or involve a portion of the Ig-like 1 domain or connecting region, or alternatively
that the absence of domain 1 impacts the binding site of 2D3 (Figure 4C, Supplementary
Figure S8). Interestingly, as discussed above, sequence alignment of 3H4 and 2D3 showed
that they share an almost identical heavy chain variable region (except for CDR3-H), and
the highest similarity in light chains among all analyzed scFvs (Supplementary Figure S3),
which could explain the similar, but not identical, binding to mVCAM-1. Finally, the 2E6
antibody appeared to bind the Ig-like 5 domain, since it was able to bind all constructs
except for the ∆4–7, ∆5–7, and ∆5 constructs (Figure 4C, Supplementary Figure S8). Similar
to the results with the anti-FLAG and commercial anti-VCAM-1 antibodies, none of our
antibodies was able to bind well to the ∆5–7 mutant (Figure 4C, Supplementary Figure S8),
probably due to the poor cell surface expression and potential associated folding issues
in this construct (see above). We note that it is possible that some or all of the antibodies
tested here are also able to bind (albeit less strongly) to their corresponding duplicated, yet
not identical, Ig-like domain (i.e., 2 and 5, and 3 and 6 [18]). However, potential binding
to the duplicated Ig-like domain was not observed in this experiment, either because of
low sequence similarity at the specific epitopes or due to the signal being below the limit of
detection for this assay. In conclusion, we were able to isolate multiple antibodies that bind
to different Ig-like domains of mVCAM-1, including Ig-like domains 2, 3, and 5 (Figure 4C,
Supplementary Figure S8).

2.4. scFv Antibodies Against VCAM-1 Ig-like Domains 2 or 3 Can Block Macrophage Attachment
to Endothelial Cells

Blocking different Ig-like domains in VCAM-1 with antibodies can lead to different
functional impacts, depending on where the antibody binds, and this has been clearly
shown for Ig-like domains 1, 4, and 6 [1,8,9,28,32] (Supplementary Table S1). One of the
most important physiological roles of VCAM-1 is to facilitate macrophage recruitment into
an inflammatory site [1]. Here, we tested if the antibodies we identified had an impact on
the binding of macrophages to activated endothelial cells natively expressing 7D mVCAM-1.
We performed this analysis using the scFv-LPETGs instead of the full-length antibodies to
reduce the possibility of steric hindrance of the full-length antibody on mVCAM-1/ligand
interactions, and thereby increase the certainty of a direct impact of Ig-like domain blocking
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on the attachment phenotype. To do this, SVEC4-10 endothelial cells were treated with LPS
for 24 h to induce mVCAM-1 cell surface expression [48]. Next, different scFv-LPETGs were
supplemented to the medium and cells were incubated for 2 h to block mVCAM-1. Then,
the DiOC6-labelled macrophages were cocultured with endothelial cells for 10 min. Green
fluorescence on the cell culture layer after washes represents macrophages that remained
attached to the endothelial cells. As expected for a full-length antibody-binding VCAM-1
Ig-like 1 domain (Figure 4, Supplementary Table S1), treatment with the commercial anti-
mVCAM-1 significantly reduced the macrophage ability to attach to endothelial cells
compared to the non-antibody control, as demonstrated by a significant reduction in green
fluorescence intensity (Figure 5, p < 10−4). Also as expected, the non-anti-VCAM-1 scFv
antibody control did not significantly alter macrophage attachment, and its MFI value
was similar to the non-antibody control (Figure 5). Interestingly, all anti-VCAM-1 scFv-
LPETGs reduced macrophage attachment to endothelial cells and, with the exception
of 2E6 (p = 0.056), the other 5 scFv-LPETG antibodies significantly reduced macrophage
attachment when compared to the non-antibody-treated control (Figure 5). Together, the
results show that scFv antibodies able to bind domains other than 1, 4, and 6 [1,8,9,28,32]
can also reduce macrophage attachment to endothelial cells in vitro.
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Figure 5. Anti-VCAM-1 scFvs targeting Ig-like domains 2 or 3 significantly decrease macrophage
attachment to endothelial cells. Representative images from brightfield and green fluorescence, as well
as their merged counterparts, show the attachability of macrophage J774A.1 cells (green) to activated
SVEC4-10 endothelial cells (EC) after treatment with our different antibodies and control antibodies
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* p < 0.05, *** p < 0.001, **** p < 0.0001; n.s. not significant.
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3. Discussion

In this project, we sought to identify antibodies that can bind mVCAM-1 at different
Ig-like domains, which could be used to better dissect the biological function of differ-
ent parts of VCAM-1 or for clinical applications. VCAM-1 is a cell surface glycoprotein
implicated in the adhesion of white blood cells to endothelial cells during inflammatory
processes. Due to VCAM-1’s role in a myriad of diseases, this molecule has been extensively
studied and it has been targeted for therapeutic and diagnostic applications [1]. Multiple
antibodies against VCAM-1 have been raised since this molecule was identified in the late
1980s ([49], Supplementary Table S1), and these have been in part used to study VCAM-1’s
function. In some cases, both the binding site of these antibodies to VCAM-1 domains
(especially to domains 1, 4, and 6) and the functional consequences of antibody binding are
known, allowing a clear link between structure and function of VCAM-1 (Supplementary
Table S1) [1,8,9,19,27–29,32–34,48–60]. However, in many other cases, only either the func-
tional impact of antibody binding or the potential antibody binding site on VCAM-1 has
been described, or neither information is available (Supplementary Table S1) [26,58,61–63].
In fact, the biochemical and biological role of most VCAM-1 domains remains poorly
defined. In this study, we developed a suite of antibodies that bind to Ig-like domains
2, 3, or 5 of mouse VCAM-1 (with no apparent cross-reactivity with other VCAM-1 do-
mains), which we hope will aid to more clearly dissect VCAM-1 molecular interactions,
signal transduction, and physiological roles, and which may be used for downstream
clinical applications.

The most highly expressed version of VCAM-1 in cells contains 7 Ig-like domains [8,18,19].
The function of Ig-like domains 1 and 4 has been thoroughly characterized, as they contain
the binding site for one of VCAM-1’s most important binding partners, VLA-4 [1,8,9,28]. Do-
main 2 appears to also be important for binding of α1β4 and, mainly, α4β7 integrins [29,30].
In addition, VCAM-1 also mediates endothelial cell-eosinophil interaction [56,60,64], po-
tentially through an interaction between eosinophils’ Galectin-3 [11,13,14] and VCAM-1’s
Ig-like domains 3, 4, 5, and 6, which harbor sites for N-linked glycosylation. Interestingly,
given N-linked glycosylation’s innate environment-dependent macro and microheterogene-
ity [65], the multiple potential sites for glycosylation in VCAM-1 could be powerful drivers
of functional diversity in VCAM-1/Galectin-3 interactions. Domain 6, on the other hand,
appears to be associated with TNFα-induced angiogenesis [31], and it is important for
leukocyte transvasation but not adhesion [32]. Pepinsky et al. [50] identified two protease-
sensitive sites in 7D VCAM-1, one site between Ig-like domains 3 and 4 and one within
two highly conserved cysteines in domain 5 (arguing for an unusual lack of disulfide bond
formation in that Ig-like domain in VCAM-1). The functional implications of the biochemi-
cal characteristics of these two VCAM-1 regions are still unclear, but indicate differences in
folding and accessibility to other proteins, including potential extracellular proteases that
may regulate extracellular VCAM-1 shedding [50], internalization/degradation, and/or
protein-protein interactions in a redox-sensitive manner. In addition, here we observed
that deletion of domains 5, 6, and 7 together led to a reduction in cell surface expression
of VCAM-1 (Figure 4B, Supplementary Figure S6). Even more, while the anti-VCAM-1
CBL1300 antibody bound well the ∆5, ∆7 and ∆6–7 mutants, this antibody bound the ∆5–7
mutant less efficiently (Figure 4B, Supplementary Figure S6), suggesting inappropriate fold-
ing of VCAM-1 or inaccessibility of the antibody to domain 1, which is the main binding site
of CBL1300 (Figure 4B, Supplementary Figure S6, and Supplementary Table S1). A similar
phenotype was observed with our 6 antibodies (Figure 4C and Supplementary Figure S8).
We note that a secreted C-terminally Fc-tagged VCAM-1 construct carrying a ∆5–7 Ig-like
domain deletion can be purified [32,34]; however it is possible that the Fc C-terminal
tag aided in this construct’s solubility and expression as a secreted molecule, which is
different from our membrane bound construct. In fact, our results support Pepinsky et al.
conclusion that VCAM-1 conformation depends on its C-terminal portion [50], and suggest
a complex relationship among the last three Ig-like domains in determining expression
and/or conformation of the full-length VCAM-1 molecule. Altogether, our results and
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those of others argue for the need for a more detailed exploration of the biological roles of
all VCAM-1 domains.

To identify new antibodies against VCAM-1 we performed phage display biopan-
ning using a human naïve library, which is an animal-free platform for the discovery
of monoclonal antibodies [40–42,44,66–68]. Biopanning is an affinity screening process
which allows for the in vitro isolation of antibody-expressing phages from a phage display
library that are specific to a target of interest [42,68]. The target antigen was full-length
mouse 7D VCAM-1, a type-I transmembrane glycoprotein, and was presented through
expression on the surface of mammalian cell lines, thereby ensuring its correct folding and
post-translational modifications. Two rounds of biopanning were enough to generate an
enriched pool of scFv-phages against mVCAM-1 (Figure 1). A third round of biopanning
would have allowed us to further enrich the phage sub-library for anti-mVCAM-1 binders,
but this may have also led to a reduction in the diversity of the scFv-phage population
by selecting against weaker or more poorly expressed binders that may bind different
parts of mVCAM-1. We identified several antibodies that bound mVCAM-1 as scFv-phage
(Figure 2), as scFv (Figure 3), and as full-length mAb (Figure 4). Two of the scFv-phage
binders were not pursued, due to the presence of sequences in their CDRs that could lead to
potential folding/binding errors (clones 1H3 and 2B9) when expressed in bacteria and/or
mammalian cells. Three of the 6 antibodies identified bound mVCAM-1 Ig-like 3 domain:
1A9, 2D8, and 2E2; two bound Ig-like 2 domain: 2D3 and 3H4; and one bound Ig-like
5 domain: 2E6 (Figure 4). Interestingly, all antibodies reduced macrophage attachment to
endothelial cells when compared to the non-antibody-treated control (EC + macrophage),
with five of them significantly reducing macrophage attachment: clones 1A9, 2D3, 2D8,
2E2, and 3H4, which are Ig-like domain 2 or 3 binders (Figure 5, p < 0.05, Supplementary
Figure S8; we note that clone 2E6 (an Ig-like 5 domain binder) showed p = 0.056). Similar
results were obtained when the full-length IgG2a versions of these antibodies were tested
in the same assay, except that all full length-antibodies, including clone 2E6, significantly re-
duced macrophage attachment to endothelial cells (Pickett et al., manuscript in preparation).
Different VCAM-1-binding antibodies will require different concentrations to exert a func-
tional effect due to different affinities for the antigen (a property of the paratope/epitope
sequence and of accessibility to the epitope). An antibody titration experiment would
allow for a more detailed comparison of the different antibodies. Overall, our results show
that blocking other Ig-like domains beyond 1 and 4 [1,9,21,28] can also reduce cell-to-cell
attachment (Figures 4 and 5).

There are multiple ways in which anti-VCAM-1 antibodies could impact VCAM-1-
mediated attachment and transmigration. Hession et al. [19] hypothesized early on that
VCAM-1 may play other roles beyond being an adhesin, including participating on signal
transduction. Indeed, VCAM-1 activation leads to cytoskeleton remodeling and changes at
the endothelial cell junctions [69,70], and antibodies against VCAM-1 can affect VCAM-1
downstream signaling [17,34,70]. Some of the ways antibodies can alter VCAM-1 function
is by directly or indirectly blocking protein–protein interactions or by altering VCAM-1
downstream signaling in a ligand-independent manner. To do this, antibodies could
block access to residues involved in the interaction, or alter VCAM-1 epitope accessibility,
folding/conformation, quaternary structure (homo or hetero multimerization), or cell
surface expression by, e.g., triggering VCAM-1 internalization. For example, our Ig-like
2 domain binders could be blocking attachment by preventing proper interaction with
α4β7 integrin [30]. Additional experiments using molecular docking, mutagenesis, and
structural biology to dissect antibody–VCAM-1 interactions, a more detailed study of the
precise VCAM-1 epitope to which each antibody is binding, and the functional impact of
changes on/blocking of these domains on protein–protein interactions, cellular physiology,
and downstream signaling will help in understanding the structure–function relationship
of each VCAM-1 Ig-like domain and how antibodies impact them. Given that scFvs
are considerably smaller than full-length monoclonal antibodies (~25 kDa vs. ~150 kDa,
respectively), the chances that the impact of a monomeric scFv on attachment is due to the
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steric hindrance of the VLA-4/VCAM-1 interaction is low (although this would have to
be demonstrated biochemically, which lies outside the scope of this manuscript). Thus,
the antibodies described in this work could help uncover new VCAM-1 biology (binding
partners and/or function).

Gaining a deeper knowledge of VCAM-1 functions would not only facilitate our
general understanding of physiology and biology, but it would also provide key informa-
tion for the design of precision therapies targeting specific structural domains associated
with specific clinical outcomes. Competition studies with purified VLA-4 or other known
binders and antibodies would help elucidate potential novel mechanisms of action. In
addition, researchers could harness the power of omic techniques and AI to perform a more
comprehensive spatial and temporal interactomic, transcriptomic, proteomic, phosphopro-
teomic, and/or glycoproteomic profiling of VCAM-1 (WT and Ig-like domain mutants) and
downstream signaling pathways, in the presence or not of ligands and/or anti-VCAM-1
antibodies. These analyses could help uncover signaling pathways, new interacting pro-
teins, and the function of specific Ig-like domains. Analyses targeting post-translational
modifications in VCAM-1 or its ligands are especially important for understanding how
these modifications impact VCAM-1 function in health and disease (e.g., during cancer or
inflammation). These antibodies could also help better dissect the role of VCAM-1 amino
acid sequences involved in ligand interaction [30]. Despite the large amount of data already
acquired on VCAM-1, there is still plenty to learn about this molecule’s physiological roles.

Antibodies against VCAM-1 could have a range of clinical applications in cardiovascu-
lar disease, cancer, and inflammatory diseases. For instance, it would be interesting to test
these antibodies in preclinical animal models of atherosclerosis. The antibodies (either in
IgG or scFv formats) can also be used as antibody–drug conjugates, to specifically deliver
payloads with anti-cancer or anti-inflammatory properties. However, further studies need
to be conducted to determine whether binders also exert an activating function, since down-
stream signaling may be counterproductive to the desired clinical outcome. Anti-VCAM-1
antibodies could also be used for diagnostic purposes, to identify VCAM-1 expressing
cancer or atherosclerotic plaques, etc. Cross-reactivity of these antibodies with other Ig-like
domain containing proteins could be a potential issue that may require further in silico and
in vitro testing before moving into pre-clinical models. Further progression into clinical
studies would require the identification of cross-reacting antibodies to both mouse and
human VCAM-1. Anti-VCAM-1 antibodies could have a range of therapeutic, diagnostic,
or theranostic applications.

For the purpose of the functional assays, this work focused on scFv anti-VCAM-1
versions, rather than the full-length antibodies, for two main reasons. First, if an impact
on attachment was observed with the scFv, this impact would also be highly likely to be
observed with the full-length antibody, while the reverse is not necessarily true. Second,
scFvs have many advantages over full-length antibodies in terms of biochemistry and
pharmacokinetics [71,72]. A typical mammalian IgG antibody is a large molecule consisting
of two heavy chains linked to each other and to a light chain by disulphide bonds [38,71–73].
On the other hand, an scFv is a small functional antigen binding domain that consists of
one variable heavy and one variable light domain joined by a peptide linker, ~1/6th the size
of a full length IgG [71,72,74]. Compared to full-length antibodies, the smaller size of scFvs
allows for better tissue penetration and rapid clearance while maintaining target binding
specificity [71,72,75]. The enhanced tissue penetration is especially advantageous in some
pathologies such as cancer [76] and atherosclerosis [35], in which scFvs can reach the tumor
or plaque core better than full-length antibodies [71,72,75,77]. Further, rapid clearance is
useful when antibodies are carrying a toxic payload (e.g., for radioactive immunotherapy
or diagnostics) [78]. The scFvs also have reduced immunogenicity and no effector function,
since they lack the Fc region [79]. There are many differences between scFv and full-length
antibodies, and the decision on which kind of antibody to use will ultimately depend on
the specific biochemical test required or desired therapeutic modality.
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Here, we showed that scFvs targeting different Ig-like domains of VCAM-1 that are
not directly associated with the VLA-4/VCAM-1 interaction can also negatively impact
macrophage-endothelial cell attachment (Figures 4 and 5). Our data emphasize that there
is still plenty to learn about VCAM-1 biological function, and our antibodies are excellent
tools to facilitate future studies. Given the critical role this molecule plays in a myriad
of physiological and disease states, understanding its biochemical characteristics and
molecular interactions will be key to designing more precise and targeted future therapies.

4. Methodology
4.1. Plasmid Construction and Site-Directed Mutagenesis

All vectors used in this study are described in Supplementary Table S2 and mutagene-
sis primers are described in Supplementary Table S3. The pUCIDT-Amp vector containing
the Mus musculus VCAM-1 open reading frame (UniProt accession ID P29533) codon
optimized for expression in Chinese Hamster Ovary (CHO) cells was purchased from
Integrated DNA Technologies (IDT) (see Supplementary Materials for full mVCAM-1 se-
quence). mVCAM1 was subcloned from pUCIDT-Amp-VCAM-1 (LZCBI17) into pEGFP-N1
through NheI and BamHI double restriction digestion and ligation to generate full-length
mVCAM1 C-terminally tagged with eGFP (LZCBI18).

mVCAM-1 Ig-like domain deletion mutants (LZCBI121-127 and LZCBI129-130) were
constructed by deletion of 1 or more of the 7 Ig-like domains, similar to a previously
published strategy [32]. The description of the mutagenesis strategy can be found in the
Supplementary Materials.

Phagemids from selected phage clones were extracted using Qiagen QIAprep Spin
Miniprep kit (Qiagen, Germantown, MD, USA, 27104) following the manufacturer’s proto-
col and sequenced as previously described [40,41]. The DNA encoding the selected scFvs
was subcloned from the phagemid vectors into pET28b(+)-LPETG vector (a modified No-
vagen vector that incorporates a C-terminal LPETG tag, as described in the Supplementary
Information) through NcoI and NotI double restriction digestion and ligation. The scFv
sequences obtained were reformatted into full-length mouse IgG2a monoclonal antibodies
(Supplementary Table S2) using the InFusion HD cloning kit (Takara Bio USA, Inc., San Jose,
CA, USA, 639648), following previously published methodologies [41,80].

All clones made in this study were sequenced to ensure the correct DNA sequence.

4.2. Mammalian Cell Culture Maintenance and Transfection

Chinese hamster ovary (CHO) XL99 and human endothelial kidney (HEK) 293 cell
lines were maintained in CD CHO medium (Gibco™, Waltham, MA, USA, 10743029) or
FreeStyle™ 293 Expression medium (Gibco™, 12338018), and supplemented with 0.4%
(v/v) anti-clumping agent (Gibco™, 0010057DG) and GlutaMAX™ Supplement (Gibco™,
35050061). ExpiCHO cells were maintained on ExpiCHO medium as described by the
manufacturer (Thermo Fisher, Waltham, MA, USA, A29131). Cells were routinely grown at
37 ◦C, 7.5% CO2, and 125 rpm. Adherent CHO-K1 cells were maintained in Ham’s F-12K
(Kaighn’s) Medium (Gibco™, 21127022) supplemented with 10% Fetal Bovine Serum (FBS)
(Gibco™, 10099141) and incubated at 37 ◦C, 7.5% CO2.

CHO XL99 and HEK293 cells were transfected using a DNA/polyethyleneimine (PEI)-
Max complex, as previously described [41]. For transfection of CHO-K1 cells, 1.4 × 106

CHO-K1 adherent cells were seeded into T25 flasks and incubated overnight at 37 ◦C, 7.5%
CO2. The next day, pEGFP-N1-mVCAM-1 or pEGFP-N1 (negative control) plasmids were
transfected into CHO-K1 cells using Lipofectamine™ 3000 Reagent (Invitrogen™, Waltham,
MA, USA, L3000001) and OptiMEM™ Reduced Serum Medium (Gibco™, 31985062) and
following the manufacturer’s procedure. ExpiCHO cells were transfected as per the man-
ufacturer’s instructions using an ExpiFectamine CHO Transfection kit (Thermo Fisher,
A29131). Expression of VCAM-1_eGFP and mutants was monitored using BioRad ZOE™
Fluorescent Cell Imager (Bio-Rad, Hercules, CA, USA) and by flow cytometry (see below).
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Macrophage J774A.1 cells and SVEC4-10 endothelial cells (CRL-2181) were obtained
from the American Type Culture Collection. The J774A.1 cells were maintained in a
non-treated 100 × 20 mm cell culture dish (Corning®, Corning, NY, USA, 430591) contain-
ing RPMI 1640 (Thermo Fisher, LTS11875093) with 10% fetal calf serum (Thermo Fisher,
10099141), penicillin (100 U/mL) (Thermo Fisher, 15140122), and 1% L-glutamine (Thermo
Fisher, 25030081), and cultured in an incubator at 37 ◦C, 5% CO2. The SVEC4-10 cells were
maintained in tissue culture-treated T75 flask (Sarstedt®, Nümbrecht, Germany) containing
DMEM medium (Gibco™, 11965092) supplemented with 10% fetal calf serum (Gibco™,
10099141), penicillin (100 U/mL), and 1% L-glutamine, and cultured in an incubator at
37 ◦C, 5% CO2.

4.3. Phage Display Biopanning

Cell-based phage display biopanning was performed following procedures previously
described [40,41,81]. The scFv phage library used for the first round of biopanning was
the Jones–Mahler human naïve library [40]. The rounds of biopanning alternated between
CHO XL99 cells and HEK293 cells. GFP positive cells were sorted at the Queensland
Brain Institute Flow Cytometry facility (UQ) using a BD FACSymphonyTM S6 Cell Sorter
(Franklin Lakes, NJ, USA).

4.4. Flow Cytometry Analysis of Phage Pools

CHO XL99 cells were transfected with the pEGFP-N1-mVCAM-1 plasmid (Supple-
mentary Table S2) and grown for 24 h. The 1011 phages from the naïve phage display
library or round 1 and round 2 amplified phage pools were diluted in 1.8 mL of 2% skim
milk in PBS (MPBS) and incubated at 4 ◦C, rotating for 20 min. A total of 106 transfected
and non-transfected CHO XL99 cells were harvested by centrifugation at 300× g for 5 min
and washed with 1 mL of PBS. Next, cells were incubated with each diluted phage pool
in MPBS for 1 h, rotating at 4 ◦C. Cells were washed 3 times with 1 mL PBS and were
then incubated in a 1:200 dilution of mouse anti-M13 mAb (Sino Biological, Houston, TX,
USA, Cat# 11973-MM05T, RRID:AB_2857926) in MPBS on ice for 1 h. Cells were harvested
and washed twice with 1 mL PBS as above. Next, cells were incubated in a 1:400 dilu-
tion (1.25 µg/mL) of goat anti-mouse Dylight650 (Abcam, Cambridge, UK, Cat# ab96874,
RRID:AB_10679531) in MPBS in the dark, on ice, for 1 h. Cells were harvested and washed
3 times in PBS as above, and gently resuspended in 100 µL 4% paraformaldehyde (PFA)
in PBS. After incubation on ice for 15–20 min, cells were washed 3 times as above and
resuspended in 200 µL of PBS prior to analysis by flow cytometry using a Beckman Coulter
CytoFLEX S (Beckman Coulter Life Sciences, Mount Waverley, VIC, Australia).

4.5. Whole-Cell Phage Binding ELISA

Individual phage clones from the second biopanning round were tested for binding
to cell surface expressed mVCAM-1 by whole-cell enzyme-linked immunosorbent assay
(ELISA). The phage clones were prepared in a 96-well format as previously described [40,41],
and were used for ELISA on 96-well plates coated with CHO-K1 cells expressing mVCAM-
1-eGFP or eGFP alone (negative control). To coat the plates, transfected CHO-K1 cells
were seeded onto 96-well plates to a density of 40,000 cells/well in 200 µL of F12K media
supplemented with 10% FBS and penicillin-streptomycin antibiotic, and were incubated
overnight at 37 ◦C, 7.5% CO2. Next, cells were fixed in 4% PFA in PBS, and plates were
left to dry at room temperature for 10 min. Phages and cells were separately blocked
in MPBS for 1 h at room temperature, and then the blocked phages were added to the
blocked cells and incubated for 1 h at room temperature. Plates were washed six times with
PBS + 0.1% Tween 20 using a plate washer (BioTek, Agilent, Santa Clara, CA, USA, ELx405
Select). Next, a 1:5000 dilution of mouse anti-M13 monoclonal antibody (Sino Biological
Cat# 11973-MM05T, RRID:AB_2857926) in MPBS was added to the wells, followed by 1 h
room temperature incubation. Plates were washed as above, then incubated in a 1:5000
dilution in MPBS of goat anti-mouse IgG (H + L)-HRP conjugated secondary antibody (Bio-
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Rad Cat# 1706516, RRID:AB_2921252) for 1 h at room temperature. After the final wash,
plates were developed using TMB substrate (BioLegend, San Diego, CA, USA, 423001)
following the manufacturer’s instructions. Absorbance at 450 nm was measured using
a microplate spectrometer (BioTek PowerWave XS2). The controls for this experiment
included cells transfected with pEGFP-N1 empty vector and cells incubated only with
primary and secondary antibodies but no phages. We considered an absorbance reading as
positive if it complied with the following two rules: (1) the absorbance of the phage sample
on VCAM-1-eGFP transfected cells was at least 4 times greater than the average signal of
all the control wells in that same plate, and (2) the absorbance of the same phage sample on
GFP-only transfected cells was below 2 times the value of the average of the control wells
in the corresponding plate (Supplementary Figure S2).

4.6. Flow Cytometry Analysis of Selected Phages and Purified Antibodies

Flow cytometry was used to verify the binding of selected phages, purified scFv-
LPETG clones, and purified mAbs to mVCAM-1-eGFP. To test the phages, CHO XL99 cells
were transfected or not with pEGFP-N1-mVCAM-1, and 24–48 h later, cells were aliquoted
into wells of a round bottomed 96-well plate (2.5 × 105 cells/well). Cells were pelleted
by centrifugation at 300× g for 5 min at room temperature, were washed with 200 µL of
PBS, and were blocked with 25 µL of MPBS. The selected positive purified phages (30 µL)
were blocked with 30 µL of 4% MPBS for 30 min at room temperature in a separate 96-well
plate, and blocked phages were then combined with the blocked cells. After 1 h incubation
at 4 ◦C, cells were washed with 200 µL of PBS and incubated in 50 µL of 1:200 anti-M13
antibody (Sino Biological Cat# 11973-MM05T, RRID:AB_2857926) for 1 h at 4 ◦C. Next, cells
were washed 3 times with 200 µL PBS, and were incubated for 1 h at 4 ◦C in 50 µL of 1:400
(1.25 µg/mL) goat anti-mouse IgG Dylight650 (Abcam Cat# ab96874, RRID:AB_10679531).
Cells were washed as above, fixed in 4% PFA in PBS, and analyzed by flow cytometry as
described above for the polyclonal flow cytometry.

A similar protocol was used for the scFv-LPETGs, except that 1 µg scFv was used per
10,000 cells instead of phages, the primary antibody used was a 1:200 dilution (2.5 µg/mL)
of purified mouse anti-6XHIS with control (BD Biosciences, Franklin Lakes, NJ, USA, Cat#
552565, RRID:AB_394432), and no fixing with PFA was necessary.

For the mAbs, a 1:3 mixture of non-transfected to transiently transfected ExpiCHO
cells were collected by centrifugation at 300× g for 5 min and blocked in ice-cold FACS-
Block (3% fetal calf serum (FCS) (Gibco, A3160902), 0.1% bovine serum albumin (BSA)
(Bovogen, Melbourne, Australia, SFBS-F), and 0.1% sodium azide) at a concentration of
1 × 106 cells/mL for 30 min. Next, cells were harvested by centrifugation and resuspended
in ice-cold FACSWash buffer (0.2% FCS, 0.1% BSA, 0.1% sodium azide) at a concentration
of 5 × 106 cells/mL, and 40,000 cells were aliquoted/well in a 96-V-shaped wells plate. The
FACSWash buffer was removed by centrifugation at 400× g for 5 min, and cells were resus-
pended in 50 µL of FACSWash containing 11.1 µg/mL of each reformatted anti-VCAM-1
antibody or isotype control mIgG2a (Miltenyi Biotec, Bergisch Gladbach, Germany, Cat#
130-106-546, RRID:AB_2661589), a 1:200 dilution (2.5 µg/mL) of rat anti-mouse VCAM-1
(Millipore, Burlington, MA, USA, Cat# CBL1300, RRID:AB_2214062), or 1:400 dilution
of mouse IgG1 anti-FLAG (Cell Signaling Technology, Danvers, MA, USA, Cat# 8146,
RRID:AB_10950495). For no antibody control wells, cells were incubated in FACSWash
only. After 1 h incubation at 4 ◦C, cells were collected by centrifugation and washed 3 times
with 150–200 µL of FACSWash, followed by a 30 min incubation at 4 ◦C in FACSWash
containing 1:400 (1.25 µg/mL) goat IgG anti-mouse IgG H&L Dylight650 (Abcam Cat#
ab96874, RRID:AB_10679531) or 1:200 (1 µg/mL) goat anti-rat-PE-Cy7 (BioLegend Cat#
405413, RRID:AB_10661733) antibodies, or FACSWash for no antibody controls. Next, cells
were collected by centrifugation, washed 3 times in FACSWash, and resuspended in 100 µL
of FACSWash supplemented with 0.25% PFA. Cells were analyzed by flow cytometry using
a Beckman Coulter CytoFLEX S and the data collected were analyzed using CytExpert
v2.4.0.28 and FlowJo v10.6.2 (FlowJo LLC, BD Biosciences, Franklin Lakes, NJ, USA). Me-
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dian fluorescence intensity (MFI) was used as a measure of binding of the different mAbs
to VCAM-1 and its Ig-like mutant versions.

4.7. Expression and Purification of scFv and Full-Length Antibodies

scFv-LPETG antibodies were expressed in SHuffle® Express E. coli cells (New England
BioLabs® Inc., Ipswich, MA, USA). Overnight cultures of the SHuffle strains carrying
the different pET28b-scFvs were diluted 1:100 in 200 mL TB medium (Merck, Darmstadt,
Germany, T0918) supplemented with kanamycin (30 µg/mL) and were grown at 37 ◦C at
200 rpm until cells reached log phase (OD600 = 0.8–1.0). The culture was allowed to reach
room temperature, and scFv-LPETG expression was induced by adding 1 mM of isopropyl
β-D-1-thiogalactopyranoside (IPTG). Protein expression was conducted overnight at 25 ◦C,
200 rpm. Cells were harvested the following day by centrifugation at 5000× g for 10 min at
room temperature. Bacterial pellets were resuspended in 30 mL of ice-cold equilibration
buffer (20 mM sodium phosphate, 0.5 M NaCl, 20 mM imidazole, pH of 7.4) by vigorous
pipetting, and were sonicated on ice (SONICS Ultrasonic Processor VC-505, Sonics & Ma-
terials Inc., Newtown, CT, USA) for 5 min (20% amplitude, pulse 1 s on 1 s off, 3 mm tip
diameter). The lysate was incubated at 4 ◦C, rotating, for 1 h and then centrifuged in an
Avanti JXN-30 (Beckman Coulter Inc., Brea, CA, USA) at 18,000× g for 30 min at 4 ◦C. The
supernatant was recentrifuged at 20,000× g for 30 min at 4 ◦C, transferred to a pre-cooled
vessel, and the scFv-LPETGs were purified using the Äkta Explorer fast protein liquid chro-
matography (FPLC) system using a 1 mL HisTrap column (HisTrap™ High Performance,
Cytiva, Marlborough, MA, USA, 17524701), and the following standard procedures. The
scFv-LPETG clones were eluted in elution buffer (20 mM sodium phosphate, 0.5 M NaCl,
400 mM imidazole, pH of 7.4) on ice and dialyzed in 14 kDa cutoff dialysis tubing against a
solution of 1X PBS overnight at 4 ◦C. The pH of the dialysis buffer was adjusted to 1 unit
above the theoretical pI of each scFv (Supplementary Table S4). The dialyzed samples
were concentrated using a centrifugal concentrator (Vivaspin® 6 Centrifugal Concentrator,
VS0602, Sartorius, Göttingen, Germany) with a 10 kDa Molecular weight cut-off (MWCO)
by centrifuging at 4000× g at 4 ◦C. The concentration of scFv-LPETG was determined with
a Nanodrop Spectrophotometer (Thermo Fisher Scientific, Waltham, MA USA), considering
the calculated extinction coefficients (Supplementary Table S4). Samples were transferred
to 1.5 mL Protein LoBind® tubes (Eppendorf, Hamburg, Germany, 0030108442) and stored
at 4 ◦C for the short term or supplemented with 10% v/v final concentration of glycerol,
frozen in liquid nitrogen, and stored long term at −80 ◦C.

mAbs were expressed as previously described [41] using ExpiCHO cells and the high
titer protocol from the ExpiFectamine CHO Transfection kit (Thermo Fisher, A29131). The
supernatant was loaded into a prepacked HiTrap MabSelect column (Cytiva, 28408253) and
purified using an Äkta Explorer FPLC system. Purified mAbs were buffer exchanged and
concentrated using Amicon Ultra Centrifugal filters and stored in 10% glycerol, PBS pH of
7.4 at −80 ◦C until use.

4.8. SDS-PAGE and Western Blotting

The presence of antibodies in the supernatant and eluates was determined using
sodium dodecyl sulphate–polyacrylamide gel electrophoresis (SDS-PAGE) as follows. For
scFv-LPETGs, 5 µg of each purified antibody samples were mixed with 4X NuPAGE
loading buffer supplemented with 10 mM DTT, heated at 95 ◦C for 5 min, centrifuged
for 1 min at 21,000× g, and loaded in 10% acrylamide gels (Bio-Rad, 4561033). Protein
detection was achieved by either staining the gel with SimplyBlue™ SafeStain (LC6065)
following the manufacturer’s protocol, or by Western blot. For purified mAbs, 5 µg of each
purified antibody was resuspended on 4X SDS-PAGE loading buffer (200 mM Tris-HCl pH
of 6.8, 8% SDS, 0.4% bromophenol blue, 40% glycerol) supplemented or not with a final
concentration of 10 mM DTT. The sample was heated at 95 ◦C for 5 min, centrifuged for
1 min at 21,000× g, and separated in a 4–15% stain-free gel (BioRad, 4568081). All gels were
visualized on a BioRad Chemidoc imaging system.
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For Western blotting, proteins were transferred from acrylamide gels into a polyvinyli-
dene fluoride (PVDF) membrane using the BioRad Trans-Blot Turbo RTA Transfer Kit
(1704272) and a Trans-Blot Turbo Transfer system (7 min at 1.3 A), following the man-
ufacturer’s protocol. The membrane was blocked with 5% skim milk in Tris-buffered
saline (50 mM Tris-Cl, pH of 7.5, 150 mM NaCl) with 0.1% Tween 20 (TBS-T) for 1 h at
room temperature, rocking. The membrane was then incubated with a 1:5000 dilution
of anti-His-HRP (Miltenyi Biotec Cat# 130-092-785, RRID:AB_1103231) in 2% skim milk
TBS-T overnight, rocking at 4 ◦C. After 3 washes with TBS-T for 5 min at room temper-
ature, membranes were developed with the Super signal West Dura Extended Duration
Substrate kit (ThermoFisher Scientific, 34075) and visualized in the BioRad ChemiDoc gel
imaging system.

4.9. Bioinformatic Analysis of scFv Sequences

To identify variable domains of immunoglobulins in the scFv sequences, we used
IgBlast (IgBlast tool (nih.gov)) from the National Centre for Biotechnology Information
(NCBI)). To annotate the variable regions with the ImMunoGeneTics (IMGT) numbering
system, we used the Antigen receptor Numbering and Receptor Classification (ANARCI) by
SAbPred (http://opig.stats.ox.ac.uk/webapps/newsabdab/sabpred/anarci/ (accessed on
5 June 2021)). The molecular weight, extinction coefficient, and theoretical pI for each scFv-
LPETG (Supplementary Table S4) were calculated using ProtParam (ExPASy–ProtParam
tool) based on the scFv’s amino acid sequences. Amino acid sequences were aligned using
Clustal Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/ (accessed on 5 June 2021)),
which was also used to generate phylogenetic trees.

4.10. In Vitro Cell Adhesion Assay

SVEC4-10 endothelial cells were seeded into a 96-well plate at a density of
10,000 cells/well and incubated for 24 h. The cells were then separately treated with
100 ng/mL lipopolysaccharide (LPS) (Sigma-Aldrich, Burlington, MA, USA, L2630) for
24 h. J774A.1 macrophages were stained on the same day with 25 ng/mL of DiOC6 for
24 h at 37 ◦C. After 24 h LPS stimulation, SVEC4-10 endothelial cells were treated with
the following different antibodies at a concentration of 20 µg/mL, for 1 h at 37 ◦C: rat
anti-VCAM-1 (Millipore Cat# CBL1300, RRID:AB_2214062) was used as positive control; a
random scFv (not mVCAM-1 binder, a kind gift from the National Biologics Facility, UQ)
was used as negative control; and 6 different purified scFv-LPETG antibodies from this
work (1A9, 2D3, 2D8, 2E2, 2E6, and 3H4). After incubation, endothelial cells were washed
once with PBS. The DiOC6-labelled J774A.1 cells were detached by washing with PBS
and centrifuged at 500× g for 5 min, followed by resuspension in DMEM, high glucose
medium (Cat #11965-092, Thermo Fisher) supplemented with 10% fetal bovine serum (Cat
#26140079, Thermo Fisher) and 1% penicillin-streptomycin (Cat #15140122, Thermo Fisher).
Next, DiOC6-labelled J774A.1 cells were added to SVEC4-10 endothelial cells at a density
of 10,000 cells/well. After 10 min of coculture treatment, all wells were washed once with
PBS and then fixed with 4% PFA in PBS for analysis. Fluorescent images were taken with
an OLYMPUS CKX53 fluorescent microscope (Olympus, Tokyo, Japan) with the Cool LED
pE-300 light source and OLYMPUS-DP74 camera. The relative fluorescent intensity was
quantified with ImageJ v1.53t. The experiment was performed twice with four or five
replicates/group, for a total of 9.

4.11. Statistical Analysis of Data

Data are presented as mean +/− standard error unless specified in the figure legend.
One-way ANOVA followed by post-hoc Tukey test for pairwise comparisons was used
in the analysis of significant differences in the cell adhesion assay. A p value < 0.05 was
considered significant. Graphs were plotted using GraphPad Prism 10.

nih.gov
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https://www.ebi.ac.uk/Tools/msa/clustalo/
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Supplementary information 
 
General information on phage display biopanning 
 
Phage display antibody biopanning requires the generation of an antibody library fused to a phage 
coat protein that is expressed on the surface of the phage [1, 2]. To construct a phage display 
library, the gene fragments encoding the variable regions of the heavy and light chains of 
antibodies are extracted from the mRNA of B cells from “healthy/naïve” (no 
disease/immunization) or “immune” (sick/vaccinated/immunized) donors. These variable regions 
are assembled into small antigen binding units such as scFvs, and are fused to the phage G3P coat 
protein for phage surface expression, thereby generating a phage display library in which each 
phage expresses a unique scFv-G3P fusion [3, 4]. These libraries are used for biopanning against 
a specific antigen [5]. Biopanning consists of four basic steps: scFv-phage binding to antigen, 
washing to reduce unspecific phage binding, elution of bound scFv-phages, and infection of 
bacteria with eluted bound phages to generate enriched sub-libraries [6]. This cycle is repeated for 
2-4 rounds until specific binders are enriched and identified [2, 6-9]. 
 
Supplementary methods 
 
mVCAM-1 DNA sequence for mVCAM-1-eGFP vector design 
 
The DNA sequence encoding the open reading frame of mouse VCAM-1 (Uniprot ID P29533) 
was codon optimized for expression in Cricetulus griseus (CHO cells). A Kozak sequence, and 
NheI, BamHI, and EcoRI restriction sites were added to the 5’ and 3’ ends for cloning purposes, 
as shown below. 
 

Optimized sequence with NheI and KOZAK at the 5’ end and BamHI-stop-EcoRI at the 3’ end:  
GCTAGCcacc 
ATGCCAGTGAAGATGGTGGCAGTGCTAGGTGCTTCCACCGTCCTTTGGATTCTGTTCGCC 
GTTTCCCAGGCCTTCAAGATCGAGATCAGCCCTGAGTACAAGACCATAGCCCAGATCGGC 
GATTCCATGGCCCTGACCTGCTCTACAACCGGCTGTGAATCTCCACTGTTTTCCTGGCGG 
ACACAGATCGACTCCCCACTGAACGCCAAGGTGAGAACCGAGGGCTCTAAGTCCGTGCTG 
ACCATGGAACCTGTGTCCTTCGAGAACGAACACTCTTACCTGTGCACCGCTACCTGCGGC 
TCCGGCAAACTGGAGCGCTCCATCCACGTGGACATCTACTCATTTCCCAAGGACCCTGAG 
ATCCAGTTCTCTGGCCCTCTGGAAGTGGGGAAGCCTGTGACAGTGAAGTGCCTGGCTCCT 
GACATCTACCCTGTGTACAGACTGGAAATCGACCTGTTCAAGGGCGATCAGCTGATGAAC 
AGACAAGAGTTCTCCTCTGAAGAGATGACCAAGTCTCTGGAGACAAAGTCTTTGGAGGTC 
ACCTTCACCCCCGTGATCGAAGACATCGGAAAGGCTCTGGTGTGCAGAGCCAAACTGCAC 
ATCGACCAGATCGATTCTACACTCAAAGAGAGAGAGACAGTGAAGGAGCTCCAAGTGTAC 
ATCTCCCCTAGAAACACCACTATCTCTGTGCATCCTTCCACCAGACTGCAAGAGGGCGGC 
GCCGTGACCATGACCTGCTCCTCTGAGGGCCTGCCTGCCCCTGAGATCTTCTGGGGACGG 
AAGCTGGACAACGAGGTGCTGCAGCTGCTGTCTGGAAATGCCACCCTGACACTGATCGCC 
ATGCGGATGGAAGATTCCGGCGTGTACGTGTGCGAGGGAGTGAACCTGATCGGCCGGGAC 
AAGGCCGAGGTGGAACTGGTCGTGCAGGAAAAGCCCTTCATCGTGGATATTTCCCCTGGC 



AGCCAGGTGGCTGCTCAGGTGGGAGATTCCGTGGTGTTGACATGTGCTGCCATCGGCTGC 
GACTCCCCCTCTTTCTCCTGGCGGACCCAGACCGACTCGCCTCTGAACGGCGTAGTGAGA 
AACGAGGGCGCTAAGTCTACCCTCGTGCTGTCTTCTGTCGGCTTCGAGGACGAGCATTCT 
TACCTGTGTGCTGTGACCTGCCTGCAGAGAACCCTGGAGAAGCGGACCCAGGTGGAAGTG 
TACAGCTTCCCTGAGGACCCTGTAATCAAGATGTCCGGACCTCTGGTCCACGGCAGACCC 
GTGACCGTTAACTGCACCGTGCCCAACGTCTATCCTTTCGACCACCTGGAGATCGAGCTG 
CTGAAGGGCGAAACCACACTGATGAAGAAGTACTTCCTGGAAGAAATGGGCATCAAGAGC 
CTTGAGACCAAGATCCTGGAAACCACCTTTATCCCTACAATCGAGGATACCGGCAAGTCC 
CTGGTGTGTCTGGCCCGGCTGCACTCCGGCGAGATGGAATCCGAGCCTAAGCAGCGGCAG 
TCCGTGCAGCCTCTGTACGTGAACGTGGCCCCTAAGGAAACCACCATCTGGGTGTCCCCT 
AGTCCCATCCTGGAGGAAGGCTCCCCAGTGAATCTGACCTGTTCTTCCGATGGCATCCCA 
GCGCCTAAGATCCTGTGGTCCAGACAGCTGAACAACGGCGAGCTGCAGCCCCTGAGCGAG 
AATACCACCCTGACCTTCATGAGCACCAAGAGAGACGACTCTGGAATCTATGTGTGCGAA 
GGCATCAACGAGGCCGGCATCAGCCGGAAGTCCGTGGAACTGATCATCCAAGTGTCTCCT 
AAAGACATCCAGCTGACCGTGTTCCCCTCCAAGTCCGTGAAAGAGGGCGACACCGTGATC 
ATCTCCTGCACCTGTGGCAACGTGCCTGAGACCTGGATCATCCTGAAGAAGAAAGCTAAG 
ACAGGCGACATGGTCCTGAAGTCCGTGGACGGCTCCTACACCATCAGACAGGCCCAGCTG 
CAGGACGCTGGCATCTACGAGTGCGAGTCTAAGACCGAGGTGGGCTCTCAGCTCCGCTCC 
CTGACATTGGACGTGAAGGGGAAAGAGCACAACAAGGACTACTTCTCTCCTGAGCTGCTG 
GCTCTGTACTGCGCCAGCTCCCTGGTGATCCCTGCCATCGGCATGATCGTGTACTTTGCC 
AGAAAGGCCAACATGAAGGGCTCCTACTCTCTGGTGGAAGCTCAGAAATCTAAAGT 
GGATCCatgagaattc 

 
 
Generating the scFv-LPETG versions via site-directed mutagenesis 

To generate a pET28b_LPETG vector, the following sequence ttaaCCATGGGATATCAAGCTT 
GCGGCCGCCTGCCAGAAACCGGTCTCGAGttaa was added to pET28b (equivalent to ttaa-
NcoI-EcoRV-HindIII-NotI-LPETG-XhoI-ttaa). To do this, two oligomers covering this entire 
sequence complementary to each other (Sigma Aldrich) were resuspended to a final concentration 
of 100 mM and annealed together in a thermocycler. Annealing was achieved by heating the 
sample to 95 °C for 2 minutes and slowly cooling down to 25°C, over a span of 45 minutes. The 
annealed oligomers were then digested with the restriction enzymes NcoI and XhoI (New England 
BioLabs® Inc.). An empty pET28b vector was digested simultaneously with the same enzymes, 
dephophorylated with alkaline phosphatase, and purified using the Qiagen Qiaquick Gel 
Extraction Kit. Following the digestion of the annealed oligos, the enzymes were heat inactivated 
at 80 °C for 20 minutes before ligating the annealed oligo with the purified, linearized pET28b 
vector. The ligation was incubated at 16 ̊ C overnight followed by heat inactivation of the enzymes 
at 65 °C for 10 minutes and then the reaction was held at 4 °C in the Veriti™ 96-Well Thermal 
Cycler (Applied Biosystems™, 4375786). The ligation was transformed into competent E. coli 
DH5a cells following standard protocols to generate pET28b-LPETG*. The next day the colonies 
were tested by colony PCR and verified by sequencing, as described in section 3.6. A frameshift 
was inadvertently incorporated in the sequence during the design. To correct this frameshift, site-
directed mutagenesis was performed using the following primers, LPETG codon corrected FWD 



(ACTGCCAGAAACCGGTCTCG) and LPETG codon corrected REV 
(GCGGCCGCAAGCTTGATATCC) (Supplementary Table S3). The binding of the FWD 
primer introduces an overhang of 1 base pair which will be amplified with the pET28b-LPETG* 
plasmid. The Q5® High-Fidelity DNA Polymerase was used to amplify the vector following 
manufacturer’s recommendations and considering the primers annealing temperature. The PCR 
product was purified using the QIAquick® PCR Purification Kit (Qiagen) and the linearized DNA 
was phosphorylated by T4 PNK (New England BioLabs® Inc.) using 100 ng of the purified linear 
DNA in a reaction mixture containing 5 mL of T4 PNK Reaction Buffer (10X), 5 mL of ATP (10 
mM), 1 mL of T4 PNK and nuclease free water to a final volume of 50 mL. The reaction was 
incubated for 30 minutes at 37 °C and the enzymes were heat inactivated at 65 °C for 20 minutes. 
The phosphorylated DNA was then ligated using T4 ligase and the ligation transformed into 
competent E. coli DH5a cells to generate plasmid pET28b-LPETG (LZCBI53). Next, the DNA 
encoding the selected scFvs was subcloned from the phagemid vectors into pET28b(+)-LPETG 
(LZCBI53) vector through NcoI and NotI double restriction digestion and ligation (Supplementary 
Table S2). All vectors were sequenced. 
 
mVCAM-1 mutagenesis strategy to generate Ig-like domain mutants 
 

The deletion of mVCAM-1 Ig-like domain(s) starts and ends in the middle of the inter-domain 
sequence immediately before or immediately after the domain(s) deleted. All mutagenesis 
procedures were performed using Q5 High-Fidelity DNA Polymerase (NEB, M0491) and primers 
described in Supplementary Table S3. To make these constructs, an N-terminal FLAG tag was 
first introduced after the signal sequence into LZCBI18 to generate pEGFP-N1_mVCAM-1(1-24)-
FLAG-mVCAM1(25-793) (LZCBI120) using primers mVCAM-1 FLAG Fwd and mVCAM-1-
FLAG Rev (Supplementary Table S3). All Ig-like deletions were made on the LZCBI120 
backbone, and 9 different constructs were made: ΔIg-like-1 (primers mVCAM1-d1 Fwd and 
mVCAM1-d1 Rev), ΔIg-like-1-2 (primers mVCAM1-d2 Fwd and mVCAM1-d1 Rev), ΔIg-like-
1-3 (primers mVCAM1-d3 Fwd and mVCAM1-d1 Rev), ΔIg-like-4-7 (primers mVCAM1-d7 Fwd 
and mVCAM1-d4 Rev), ΔIg-like-5-7 (primers mVCAM1-d7 Fwd and mVCAM1-d5 Rev), ΔIg-
like-6-7 (primers mVCAM1-d7 Fwd and mVCAM1-d6 Rev), ΔIg-like-7 (primers mVCAM1-d7 
Fwd and mVCAM1-d7 Rev), ΔIg-like-3 (primers mVCAM1-d3 Fwd and mVCAM1-d3 Rev), and 
ΔIg-like-5 (primers mVCAM1-d5 Fwd and mVCAM1-d5 Rev) (Supplementary Table S3). PCR 
amplified DNA fragments were cleaned with Nucleospin Gel and PCR clean-up mini kit 
(Macherey-Nagel, 740609), phosphorylated with T4 polynucleotide kinase (NEB, M0201), ligated 
with T4 Ligase (NEB, M0202), and transformed into chemical competent Escherichia coli 
DH5alpha strains or ST0213 Stellar competent cells (Takara, 636766).   



Supplementary Figures 
 
Expression of mVCAM-1_GFP

 

 
   
 



Figure S1. mVCAM-1-eGFP localizes to the cell periphery in mammalian cells. Confocal 
microscopy of CHO XL99 cells transfected with pEGFPN-1_mVCAM-1 showed that mVCAM-
1-eGFP is expressed and localized at the cell periphery. The DAPI+GFP overlay image also shows 
non-expressing cells, demonstrating that the green fluorescence observed is indeed mVCAM-1-
eGFP, and not autofluorescence of the cells. Images courtesy of Zhao Wang, Rowan Lab, The 
University of Queensland. 

 
 
 
 
 
 
 
 
 
  



Biopanning –flow cytometry of phage pools 
 

 
Supplementary Figure S2. Monoclonal whole cell ELISA of round 2 phage pool showed 15 
positive clones. Three 96-well plates with individual clones from round 2 phage pool were 
screened, and the 15 positive clones identified from Plate 1 (A), Plate 2 (B), and Plate 3 (C) are 
shown. The black line in the graphs indicates the average of the no phage controls in each plate, 
and the blue and red lines indicate 2-times and 4-times the value of this average, respectively. 
There are two negative controls in this experiment. First, cells expressing eGFP or mVCAM-1-
eGFP incubated only with primary and secondary antibodies but with no phages. The absorbance 
value of these no-phage controls determined the value of the black line: average of no-phage 
controls (black line). Second, cells expressing eGFP incubated with phages. When testing the 
specific isolated phage clones, our criteria to select a positive clone required that the absorbance 
of a particular phage clone on the eGFP negative control would not exceed 2-times the value of 
the no phage controls (blue line), and that the corresponding absorbance on the mVCAM-1-eGFP 
expressing cells was equal or above 4-times the value of the no phage controls (red line). The 
reason we allowed higher absorbance on the eGFP-only cells above the no phage control is to 
account for the possibility that inefficient washes or phage stickiness eliminate perfectly good 
candidates as false negatives. The 4-times above the average requirement to determine a true 
positive increased the stringency for selection, thereby reducing the chances of selecting false 
positives. Many of the recovered clones shared the same DNA sequence. All unique positive 
sequences are listed with a number on the graph, with positive clones with identical sequences 
sharing the same number. 
 
 
 
 
  



 
 
Supplementary Figure S3. Phylogenetic tree of the 8 unique scFv sequences identified. A 
phylogenetic tree was generated using the entire amino acid sequence of the 8 unique scFvs 
identified, using Clustal Omega, to facilitate comparing similarities among sequences. The 
alignment on the left shows the phylogenetic tree for the entire scFv sequences, which reflects 
differences and similarities in all CDRs and frameworks, while the one on the middle is only for 
the CDR3 of heavy chains, and the one on the right is only for the entire light chains. As observed 
on the left and on the right, clones 2D3 and 3H4 are very similar overall and, coincidentally, they 
also bind the same Ig-like domain in mVCAM-1. As observed on the right, 1A9 and 2B9 are 
clearly separated from the other antibodies since these two contain kappa light chains while the 
others contain lambda light chains. Also as observed, on the right, clones 2E2 and 2E6 cluster 
closely together as they share an almost identical light chain (even though they bind two different 
Ig-like domains, suggesting a higher role for the heavy chain in determining the epitope). 
 
 
 
 
 
  



 
Supplementary Figure S4. SDS-PAGE of purified scFv-LPETG clones, and western blot of 
cell extracts pre-purification. Reducing (A) or non-reducing (B,C) SDS-PAGE of purified scFv-
LPETGs. Panel (C) is an overexposed version of the gel in (B). The gels were loaded with 5 µg of 
purified scFv-LPETG of clones 1A9, 2B9, 2D3, 2D8, 2E2, 2E6, and 3H4. D) Western blot of 
whole cell extracts from SHuffle E. coli strains expressing the different scFv-LPETGs prior to 
purification. The blot was prepared as described in the methods in the main text. The anti-His-
HRP (Miltenyi Biotec Cat# 130-092-785, RRID:AB_1103231) antibody used was at a 1:5,000 
dilution.  
We note that this figure contains the clones 1H3 (D), 2B9 (A-D), and 3C12 (D). As described in 
the main text, clones 1H3 and 2B9 were not further pursued due to potential sequence liabilities 
when expressed in eukaryotic cells, as explained in the results section. Clones 2B9 and 3C12 bound 
to mVCAM-1 expressing cells with high specificity, while clone 1H3 showed extensive 
background binding (data not shown). Clone 3C12 has not been discussed in this manuscript. 
The antibodies were purified with varied levels of purity, and additional proteins can be seen co-
purifying with the antibodies with different relative abundances. Mass spectrometry analysis of 
one of the purified scFv samples (clone 2D8) showed that the 3 most abundant co-purified proteins 
had MW in the range of 55-70 kDa (see Supplementary Table S5). Bands with similar MW to 



these three proteins were generally observed in all purified scFvs and scFvs-LPETG clones 
(Supplementary Figure S4 and data not shown). We observed similar behaviour of the scFv-
LPETG tagged antibodies compared to the scFv antibodies in the SDS-PAGE from purified 
samples, western blot from cell extracts pre-purification, and by flow cytometry (data not shown) 
indicating that, as expected, the tag is unlikely to have an impact on antibody expression and 
function.  

We note that in the western blot (Supplementary Figure S4D) there is an ~15 kDa or lower MW 
band reactive with anti-HIS antibody observed in all the cell extracts, with different intensity 
levels. These bands could be partially cleaved antibodies that still contain the C-terminus. 
However, these lower MW fragments are either not observed in the purified material or present at 
considerably lower relative abundances (compare D with B,C), possibly because the fragments 
were lost during the dialysis step. Therefore, these lower MW fragments (containing the light 
variable chain) are unlikely to have had any impact on the subsequent functional analysis 
performed on these antibodies. 
 
 
 
  



 
Supplementary Figure S5. Flow cytometry data comparing GFP expression for all Ig-like 
domain mutants. ExpiCHO cells transiently transfected with mVCAM-1-eGFP WT (with or 
without N-terminal FLAG) or FLAG-tagged mVCAM-1-eGFP Ig-like deletion constructs were 
used for flow cytometry as described in the methods. Overall expression efficiency of the 
constructs was determined using GFP expression (FITC signal). Results represent the average MFI 
(FITC-H) +/- SE from one experiment with 21 replicates for each vector. The data shows that 
addition of the FLAG tag or deletion of Ig-like domain 1 only marginally increased the overall 
GFP expression in transfected cells. However, all other constructs showed a larger increase in GFP 
signal that did not always correlate with anti-FLAG antibody binding (a marker for cell surface 
expression, Figure 4, Supplementary Figure S6) and could indicate intracellular accumulation 
of GFP (potentially due to folding defects). Importantly, the Δ5-7 Ig-like mutant construct (which 
showed poor binding to all antibodies tested, Figure 4, Supplementary Figure S6) showed higher 
overall GFP expression than the controls WT mVCAM-1 with or without N-terminal FLAG tag), 
demonstrating that lack of antibody binding to this construct by flow cytometry was not due to 
lower overall construct expression. 

 

    



 
Supplementary Figure S6. Whole cell ELISA comparing cell surface expression for 
mVCAM-1-eGFP constructs. ExpiCHO cells transiently transfected with mVCAM-1-eGFP WT 
(with or without N-terminal FLAG) or FLAG-tagged mVCAM-1-eGFP Ig-like deletion constructs 
were used for whole cell ELISA. In this experiment, 5x105 cells/well were stained with either 
1:400 rabbit anti-FLAG (Cell Signaling Technology Cat# 2368, RRID:AB_2217020) or 1:400 rat 
anti-VCAM-1 CBL1300 (Millipore Cat# CBL1300, RRID:AB_2214062) primary antibodies, 
followed by 1:1,000 anti-rabbit IgG-HRP (Cell Signaling Technology Cat# 7074, 
RRID:AB_2099233) or 1:1,000 anti-rat IgG-HRP (Cell Signaling Technology Cat# 7077, 
RRID:AB_10694715) secondary antibodies. Graphs show the average-Max-Min of the 
Absorbance at 450 nm from one experiment with 2 replicates for each vector. All results are 
normalized to the values of the mVCAM-1-eGFP-FLAG tagged WT vector. The results of this 
experiment are in complete agreement with the results from the flow cytometry experiment 
(Figure 4), and support that: 1) addition of the FLAG tag did not lead to a decrease in cell surface 
expression of the mutant mVCAM-1 versions; 2) CBL1300 binds mVCAM-1 Ig-like domain 1 
(and Supplementary Table S1); and 3) cell surface expression of the Δ5-7 Ig-like mutant 
construct is less efficient compared to the other constructs (the differences between the flow 
cytometry data in Figure 4 and the ELISA data in this figure are likely due to differences in the 
sensitivity of the assays in these specific experimental conditions, and support that this construct 
is indeed at least partially expressed on the cell surface (see discussion)).    

 
  



 

 
 
Supplementary Figure S7. Reducing and non-reducing SDS-PAGEs of full-length 
reformatted IgG2a monoclonal anti-mVCAM-1 antibodies. A) Reducing SDS-PAGE of the 
supernatant (SN), Flow-through (FT), and 5 µg of purified mAb (Elu) for clones 1A9, 2D3, 2D8, 
2E2, 2E6, and 3H4. B) Non-reducing SDS-PAGE showing 5 µg of purified mAb for clones 1A9, 
2D3, 2D8, 2E2, 2E6, and 3H4. 
 
  



  
Supplementary Figure S8: Ig-like domain mapping of the isolated antibodies. Flow cytometry 
analysis of the binding of our new six full-length IgG2a reformatted antibodies to cells transiently 
transfected with mVCAM-1-eGFP WT (with or without N-terminal FLAG) or FLAG-tagged Ig-
like deletion constructs. The secondary antibody only treatment is shown as negative control 
(Dylight 650). Displayed is the average normalized MFI-Max-Min (mVCAM-1-eGFP-positive, 
antibody positive cells normalized to MFI of the mVCAM-1-eGFP-negative, antibody negative 
cells) from one experiment with 2 replicates.   



Supplementary Tables 
 
Supplementary Table S1. Non-exhaustive list of antibodies developed against VCAM-1, their 
targeted domain (if known), and the associated function. This table is only a snapshot of some 
of the reagents that have been developed to study VCAM-1 and it is not comprehensive. We 
apologise in advance as there are many antibodies and/or their functional assays that we have not 
included below.  
 
Antibody  Domain 

targeted  
Impact of antibody on VCAM-1 function (domain associated)  Reference  

4B9  1 (And 4?)1  Inhibits adherence of PBL and lymphocytic cell line (not 
neutrophils) to activated HUVE. May be important for lymphocyte 
emigration and immune response.  

[10-13]  

ED11, GH12, and 
GE4  

4, different 
epitopes  

ED11 and GH12 can block VLA-4 dependent binding to VCAM-1 
in certain genetic scenarios (e.g. absence of domain 1), although 
ED11 significantly blocked binding of Ramos cells to activated 
endothelial cells (ECs).  

[12]  

H6  1-2  Blocks adhesion and transmigration between VCAM-1 and 
inflammatory cells.  

[14] 

7H  1-2  Blocks adhesion and transmigration.  
In ApoE-/- mice, 7H reduces the effect of atherosclerosis.  

[14] 

MVCAM.A2 429   1-2 Reduces eosinophil infiltration on skin. [15, 16] and 2 

M-/K1 and M-/K23 1 and 4 Inhibit binding of VLA-4 expressing cells to VCAM-1.   
Prevent lymphopoiesis.  
Prevent binding of lymphoid cells to activated EC.  
Reduces inflammation.  
Enhances survival rates of grafts.  
Blocks cardiomyocyte hypertrophy, myofibroblast activation, and 
cardiac remodelling (M/K2.7). 

[17-21] and 3 

2G7  1-34  Blocks binding of T cells to activated ECs.  
Blocks adhesion of basophils and eosinophils to activated ECs.  
Blocks activation of CD4+ T cells.  

[22-24] 5  

1E7  1-34  Does not block activation of CD4+ T cells.  
Different epitope than 2G7.  

[22, 24] 5  

1G11, 1E5, 1.4C3, 
6D9  

 ? 1G11 and 1E5 block T cell adhesion to ECs, but 14C3 and 6D9 do 
not.  
All antibodies react with the circulatory VCAM-1 form, so they are 
not D4 only binders. 
IG11 also blocks VCAM-1 mediated survival of neutrophils, and 
blocks VLA4-mediated release of interleukins by monocytes. 

[25-27] 

BBIG-V16 1  Blocks VLA4-mediated release of interleukins by monocytes. [27] 

BBIG-V4 3  [28] 

19C3 2 
 

[28, 29] 

1E107 1 Likely BBIG-V3 [28, 29] 

E1/6  1  Blocks binding to VLA4.  
Prevents melanoma and other tumors adhering to activated ECs.   
Inhibits binding of lymphoid cells to activated ECs.  
Epitope of E1/6 is different from 4B9 (see above).  

[11, 30-32] 

Hu8/4  4-7  Does not inhibit binding of melanoma to activated ECs.  [30] 



VCAM-1 D6 Fab 6  Blocks leukocyte transendothelial migration.  [33] 

1/9 Likely 1 
and/or 4 

Blocks eosinophils rolling in vivo (likely by blocking domains 1 
and/or 4). 

[34] 

51-10C9  1  Blocks leukocyte adhesion.    
Enhanced TNF-α–stimulated EC production of IL-8. 

[33]  

1.G11B18    Decrease in eosinophil tethering to IL-4 stimulated HUVECs 
particularly at high shear stress. 
Inhibits cell adhesion between B cells and FLS (fibroblast-like 
σψνοϖιοχψτεσ).  

[35, 36] 

HD101  1 and 2  Inhibits cell adhesion.  
Induces VCAM-1 internalization into the cytoplasm.  
Anti-inflammatory and anti-asthma effects.  

[37] 

Antibody against VLA-4 
Natalizumab9 α4β1 

integrin 
blocker  

Blocks interaction with VCAM-1 domains 1 and 4. Treatment for 
multiple sclerosis and Chron’s disease.  

 

1 Vonderheide and Springer [11] suggest that 4B9 binds to both Ig-like domains 1 and 4, but Osborn et al [38] data 
shows that it only binds 1 and suggests that it can sterically hinder interaction with domain 4 due to its size/position 
or possibly by perturbing the conformation/structure of the molecule upon binding. 
2 https://www.bdbiosciences.com/en-us/products/reagents/flow-cytometry-reagents/research-reagents/single-color-
antibodies-ruo/fitc-rat-anti-mouse-cd106.553332 
3 https://www.merckmillipore.com/AU/en/product/Anti-VCAM-1-Antibody-clone-M-K,MM_NF-
CBL1300?ReferrerURL=https%3A%2F%2Fwww.google.com%2F 
4 But could potentially also recognise other Ig-like domains that were not tested.  
5 From W. Newman, Otsuka America Pharmaceutical. 
6 https://www.rndsystems.com/products/human-vcam-1-cd106-antibody-bbig-v1_bba5 
7 https://www.rndsystems.com/products/human-vcam-1-cd106-fluorescein-conjugated-antibody-bbig-v3-ie10_bba22 
8 https://www.bio-rad-antibodies.com/monoclonal/human-cd106-antibody-1-g11b1-mca907.html?f=purified 
9 https://go.drugbank.com/drugs/DB00108 
 
  



Supplementary Table S2. Plasmids constructed and used in this study. 
Plasmid Alias 
pUCIDT_mVCAM-1 LZCBI 17 
pEGFP-N1_mVCAM-1 LZCBI 18 
pET28b-1A9 LZCBI 41 
pET28b-2D3 LZCBI 45 
pET28b-2D8 LZCBI 46 
pET28b-2E2 LZCBI 47 
pET28b-2E6 LZCBI 48 
pET28b-3H4 LZCBI 50 
pET28b-LPETG LZCBI 53 
pET28b-2D3-LPETG LZCBI 54 
pET28b-2D8-LPETG LZCBI 55 
pET28b-2E6-LPETG LZCBI 56 
pET28b-3C12-LPETG LZCBI 57 
pET28b-3H4-LPETG LZCBI 58 
pET28b-1A9-LPETG LZCBI 87 
pET28b-1H3-LPETG LZCBI 88 
pET28b-2B9-LPETG LZCBI 89 

pET28b-2E2-LPETG LZCBI 90 
NBF320 JW8_ExpMG2a_2D3_Heavy chain LZCBI 106 
NBF320 JW8_ExpMG2a_2E2_Heavy chain LZCBI 108 
NBF320 JW8_ExpMG2a_2E6_Heavy chain LZCBI 109 
NBF320 JW8_ExpMG2a_1A9_Heavy chain LZCBI 110 
NBF320 JW8_ExpMG2a_3H4_Heavy chain LZCBI 111 
NBF320 JW8_ExpMG2a_2D8_Heavy chain LZCBI 112 
NBF372 JW8_ExpMG2a_2D3_Light chain LZCBI 113 
NBF372 JW8_ExpMG2a_2E2_Light chain LZCBI 115 
NBF372 JW8_ExpMG2a_2E6_Light chain LZCBI 116 
NBF321 JW8_ExpMG2a_1A9_Light chain LZCBI 117 
NBF372 JW8_ExpMG2a_2D8_Light chain LZCBI 118 
NBF372 JW8_ExpMG2a_3H4_Light chain LZCBI 119 
pEGFP-N1_mVCAM-1(1-24)-FLAG-mVCAM1(25-793) LZCBI 120 
pEGFP-N1_mVCAM-1(1-24)-FLAG-mVCAM1(25-793)_ΔIgG_like_1 LZCBI 121 



pEGFP-N1_mVCAM-1(1-24)-FLAG-mVCAM1(25-793)_ΔIgG_like_1-2 LZCBI 122 
pEGFP-N1_mVCAM-1(1-24)-FLAG-mVCAM1(25-793)_ΔIgG_like_1-3 LZCBI 123 
pEGFP-N1_mVCAM-1(1-24)-FLAG-mVCAM1(25-793)_ΔIgG_like_4-7 LZCBI 124 
pEGFP-N1_mVCAM-1(1-24)-FLAG-mVCAM1(25-793)_ΔIgG_like_5-7 LZCBI 125 
pEGFP-N1_mVCAM-1(1-24)-FLAG-mVCAM1(25-793)_ΔIgG_like_6-7 LZCBI 126 
pEGFP-N1_mVCAM-1(1-24)-FLAG-mVCAM1(25-793)_ΔIgG_like_7 LZCBI 127 
pEGFP-N1_mVCAM-1(1-24)-FLAG-mVCAM1(25-793)_ΔIgG_like_3 LZCBI 129 
pEGFP-N1_mVCAM-1(1-24)-FLAG-mVCAM1(25-793)_ΔIgG_like_5 LZCBI 130 

 
  



Supplementary Table S3. Primers used in this study. 
Name Sequence 
mVCAM1-FLAG Fwd  ACGACGACGACAAGTTCAAGATCGAGATCAGC  
mVCAM1-FLAG Rev  CCTTGTAGTCGGCCTGGGAAACGGCGA  
mVCAM1-d7 Fwd  TTGGACGTGAAGGGGAAAGAGC  
mVCAM1-d7 Rev   AGACACTTGGATGATCAGTTCC  
mVCAM1-d6 Rev  GGCCACGTTCACGTACAGAGG  
mVCAM1-d5 Rev  AGGGTCCTCAGGGAAGCTGTACAC  
mVCAM1-d4 Rev  CTTTTCCTGCACGACCAGTTCCAC  
mVCAM1-d1 Fwd  ATCTACTCATTTCCCAAGGACCCTG  
mVCAM1-d1 Rev  CTTGTCGTCGTCGTCCTTGTAGTC  
mVCAM1-d2 Fwd  ACAGTGAAGGAGCTCCAAGTG  
mVCAM1-d3 Fwd  GAAAAGCCCTTCATCGTGG  
mVCAM1-d3 Rev  GGAGATGTACACTTGGAGCTC  
mVCAM1-d5 Fwd  GTGAACGTGGCCCCTAAGG  
LPETG codon corrected Fwd  ACTGCCAGAAACCGGTCTCG  
LPETG codon corrected Rev  GCGGCCGCAAGCTTGATATCC 

 

  



Supplementary Table S4. Protein parameters for purified scFv-LPETG antibodies. 

Sample Molecular weight (Da) Extinction Coefficient Theoretical pI 
1A9 28038.20 52620 8.3 
2D3 27980.87 57090 6.99 
2D8 27337.19 46090 7.07 
2E2 27183.86 43110 8.30 
2E6 27976.79 54110 6.14 
3H4 27209.86 54110 6.58 

 
  



Supplementary Table S5. Summary of co-eluting proteins identified by Mass Spectrometry 
proteomics with Proteome Discoverer Software. The three proteins with the highest number of 
peptide spectrum matches (PSMs) are shown. 
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P35340 

Alkyl hydroperoxide 
reductase subunit F 
 OS=Escherichia coli (strain 
K12) OX=83333 GN=ahpF 
PE=1 SV=2 

53 32 355 32 521 56.1 5.68 32 

P0A6Y8 

Chaperone protein DnaK 
OS=Escherichia coli (strain 
K12) OX=83333 GN=dnaK 
PE=1 SV=2 

63 35 150 35 638 69.1 4.97 35 

P0A6F5 

60 kDa chaperonin  
OS=Escherichia coli (strain 
K12) OX=83333 GN=groL 
PE=1 SV=2 

57 28 129 28 548 57.3 4.94 28 

 
We performed mass spectrometry proteomic analysis on one of the purified scFv samples to better 
understand the composition of the co-eluting proteins in the samples. The results showed three 
overly represented proteins (as determined by the number of peptide spectrum matches (PSMs) 
and % of coverage), shown in above. The number of PSMs identified positively correlates with 
the abundance of their associated protein in the sample. All three identified proteins have MW in 
the range of 55-70 kDa, which is where the strongest bands that co-elute essentially with all the 
purified scFvs and scFv-LPETGs appear (Supplementary Figure S4A-C and data not shown). 
Two of these three main proteins were chaperones, Chaperone protein DnaK and 60 kDa 
chaperonin, which help in protein folding. The third protein was an enzyme, Alkyl hydroperoxide 
reductase, that prevents DNA damage by alkyl hydroperoxides.  
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