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Abstract

The use of single-domain antibody fragments, or nanobodies, has gained popularity in recent years
as an alternative to traditional monoclonal antibody-based approaches. Relatively little is known,
however, about the utility of nanobodies as targeting agents for delivery of therapeutic cargoes,
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particularly to vascular epitopes or in the setting of acute inflammatory conditions. We used a
nanobody (VCAMelid) directed against mouse vascular cell adhesion molecule 1 (VCAM-1) and
techniques for site-specific radiolabeling and bioconjugation to measure targeting to sites of
constitutive and inducible antigen expression and investigate the impact of various characteristics
(affinity, valence, circulation time) on nanobody biodistribution and pharmacokinetics.
Engineering of VCAMelid for bivalent binding (BiVCAMelid) increased affinity by an order of
magnitude and provided 2.8- and 3.6-fold enhancements in splenic and brain targeting in naive
mice, with a further 2.6-fold increase in brain uptake in the setting of focal CNS inflammation. In
contrast, introduction of an albumin-binding arm (VCAM/ALBS) did not affect binding affinity,
but its prolonged circulation time resulted in 3.5-fold and 17.4-fold increases in splenic and brain
uptake at 20 min post-dose and remarkable 40-, 25-, and 15-fold enhancements in overall exposure
of blood, spleen, and brain, respectively, relative to both VCAMelid and BiVCAMelid. Both
therapeutic protein (superoxide dismutase, SOD-1) and nanocarrier (liposome) delivery were
enhanced by conjugation to VCAM-1 targeted nanobodies. The bispecific VCAM/ALBS
maintained its superiority over VCAMelid in enhancing both circulation time and organ targeting
of SOD-1, but its advantages were largely blunted by conjugation to liposomes.
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INTRODUCTION

Targeted drug delivery to sites of vascular injury, inflammation, or disease can be
accomplished using a variety of immunologic affinity moieties, including monoclonal
antibodies (mAb) and recombinant single chain antigen-binding fragments (scFv).12
Recently, a new class of recombinant affinity ligands, derived from camelid heavy chain
antibodies,3 has garnered attention as a promising alternative to traditional immunoglobulins
in a wide array of biomedical applications.*-8 These agents, often termed single domain
antibodies (sdAb) or nanobodies, consist solely of a variable heavy chain fragment and
represent the smallest binding region derived from a functional immunoglobulin, with an
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average molecular weight of ~15 kDa.* Nanobodies have several characteristics which
distinguish them from traditional mAb and scFv, including smaller size, allowing potential
access to sterically obscured or otherwise cryptic epitopes, high solubility, and remarkable
stability to variations in pH, temperature, and other physical stressors.# To date, nanobodies
have been utilized /7 vivo primarily as agents for molecular imaging,®-8 although the recent
clinical success and approvals in Europe and the USA of an anti-von Willebrand Factor
sdAb, caplacizumab, has spurred on the investigation of many other preclinical applications.
9-11 A few reports have investigated the use of nanobodies as targeting molecules, 1219 j.e.,
affinity ligands for the delivery of radionuclides, biotherapeutic cargo, or even
macromolecular drug carriers, but the molecular properties which may make them more or
less advantageous for these applications remain poorly defined. Likewise, little has been
done to quantify delivery of nanobody-targeted cargoes to the vascular endothelium in either
naive or inflammatory conditions.

Several factors may limit the utility of nanobodies as targeting molecules. Their small size
results in rapid elimination from the circulation,20 limiting the plasma concentration needed
to drive binding and uptake. In addition, the nanobody has just a single binding arm and
engages targets in a monovalent fashion, often manifesting in lower affinities and more rapid
dissociation kinetics than traditional antibodies. These issues are potential liabilities not only
for drug delivery, but also antigen capture and receptor blockade, applications which have
progressed to industrial development and clinical trials. As such, it is not surprising that a
number of strategies have been developed to address both the pharmacokinetic (PK) profile
and monovalent binding of sdAbs. Molecular modifications include conjugation to branched
or linear polyethylene glycol (PEG),2! fusion with albumin-binding domains,22-2% fusion
with Fc fragments of 1gG,26:27 and generation of multivalent nanobody fusions.24:28:29
While these approaches have found utility in other applications—caplacizumab, for
example, is a bivalent nanobody—their impact on nanobodies as a recombinant affinity
ligand for targeted delivery of therapeutic cargoes has not been extensively studied.

In the present work, we provide a quantitative evaluation of the biodistribution of a
nanobody against mouse vascular cell adhesion molecule 1 (mVCAM-1), both in naive
animals and in models of acute vascular inflammation. Furthermore, we take advantage of
several recently reported molecular modifications to investigate the impact of nanobody
binding affinity, avidity, and pharmacokinetics on vascular targeting of organs with high
constitutive VCAM-1 expression (spleen) and sites of VCAM-1 induction following focal
inflammatory insult (brain). Finally, we explore the use of anti-VCAM-1 nanobody—and
several of its molecularly engineered derivatives—as targeting molecules for the delivery of
therapeutic protein (superoxide dismutase-1) and translational nanoparticles (liposomes) to
healthy and injured tissues.

Nanobody Characterization.

One of several reported anti-VCAM-nanobody clones (hereafter referred to as
“VCAMelid”)30 was synthesized in a “sortagged” construct described previously.3!
VCAMelid, also known as cAbVCAM1-5,30 is a high-affinity mouse/human cross-reactive
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nanobody. The C-terminal sortag enables transpeptidation by the bacterial enzyme Sortase A
(SrtA) and, through the use of short, functionalized peptides, site-specific addition of
fluorophores, radiolabels, or reactive chemical groups. These in turn facilitate the
measurement of binding or biodistribution (i.e., via radiotracing) and the conjugation of the
nanobody to cargo, without compromising affinity for the target antigen.31-33 This is
particularly important for small protein affinity ligands like nanobodies, which are more
likely to be affected by nonspecific amine- and thiol-based conjugation chemistry.3! Sortase
reaction efficiency for nanobodies was similar to that previously reported for scFv.31:34 As
shown in Figure S1a, the purity of all sortagged nanobodies was confirmed to be >90% via
SEC-HPLC. Specific binding of VCAMelid to mouse VCAM-1 expressing REN cells was
confirmed using flow cytometry, and the equilibrium dissociation constant (Kp) was
estimated to be 58.3 + 5.8 (mean + SEM) nM (Figure 1a). In all experiments, the
nontargeted control was a previously described anti-human intercellular adhesion molecule 1
(hICAM-1) nanobody,3® which bound with high affinity to hICAM-1-expressing cells
(Figure S2). The importance of site-specific modification was demonstrated by comparing
the measured binding affinity for C-terminal-modified (SrtA transpeptidation) and amine-
modified (NHS-ester) VCAMelid. Random, amine coupling of fluorophore led to an ~10-
fold reduction in binding affinity to VCAM-1 expressing REN cells compared to C-terminal
modification (509 £ 200 nM vs 58.3 £ 5.8 nM) (Figure S3).

Figure 1b shows the biodistribution of radiolabeled VCAMelid and control nanobody in
naive animals. Both were rapidly eliminated from the circulation, with 2.36 + 0.10%ID/g
and 1.13 + 0.07%ID/g remaining in the blood at 20 min post-injection, respectively.
Consistent with previous reports, high uptake was seen in the kidney, likely due to efficient
renal filtration.3%:36:37 |n naive mice, VCAMelid was found to specifically target the spleen
compared to control (24.2 + 1.3%ID/g vs 0.836 £+ 0.088%ID/g, p < 0.0001 by unpaired ¢
test), consistent with high basal expression of VCAM-1 on splenic endothelial cells, myeloid
cells, and follicular dendritic cells.38 VCAMelid also showed specific uptake in the brain
(0.167 £ 0.009%ID/g vs 0.0205 + 0.0068%ID/g, p = 0.0002), consistent with the high basal
expression of its ligand on brain endothelial cells. Small but significant differences were
seen in the uptake of the VCAMelid vs control in the lung, liver, and heart, and since the
animal was perfused prior to organ harvest, these appear to represent VCAM-1 binding,
rather than residual blood content.

The biodistribution of both VCAMelid and control were significantly affected by the
induction of systemic inflammation (intravenous endotoxin, Figure 1c). Blood
concentrations of both nanobodies increased to 4.45 + 0.26%ID/g (p= 0.0016 vs naive) and
2.50 £ 0.28%ID/g (p = 0.0092 vs naive), respectively. VCAMelid uptake in lung, liver, and
heart also increased, reflecting greater expression or accessibility of VCAM-1 in the
presence of inflammation. Notably, control uptake also increased in these organs (Figure 1c),
indicating some contribution of non-ligand-mediated extravasation of these relatively small
proteins following endotoxin exposure. Additionally, increased blood and tissue
concentrations in the context of systemic inflammation may be due to reductions in cardiac
output and renal function. In contrast to other organs, splenic uptake of VCAMelid was
slightly reduced (24.2 £ 1.3% ID/g vs 18.9 + 0.9%ID/g, p= 0.0286).
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Finally, we examined the biodistribution of the nanobodies in the presence of focal CNS
inflammation (Figure 1d). In contrast to systemic endotoxinemia, focal brain insult had no
effect on the blood concentration of either nanobody (2.36 + 0.10%ID/g vs 2.26 £
0.11%ID/g for the VCAMelid, p= 0.5533) or VCAMelid targeting to spleen (24.2 £ 1.3 vs
25.0 + 0.9%ID/g, p= 0.6416). Brain uptake (Figure 1d), however, was increased 4.7-fold
(0.167 £ 0.009 vs 0.781 + 0.106%ID/g, p = 0.0046).

Bivalent Nanobody Characterization.

One strategy that has been reported for improving the /n vivo performance of nanobodies is
the engineering of recombinant bivalent molecules, with the goal of increasing avidity and
binding affinity, and slowing renal clearance by increasing molecular size. To study the
impact of these alterations on the quantitative biodistribution of the VCAMelid, we
synthesized a “BiVCAMelid” using the upper hinge of llama IgG2 as a linker, a strategy
previously reported to promote proper folding and optimal orientation of the two nanobody
arms.28 Protein purity obtained via SEC HPLC is shown in Figure S1b. Inclusion of a
second binding site enhanced the affinity for mVCAM-1 expressing cells by 8.6-fold (Kp =
6.80 + 0.46 nM) (Figure 2a), as compared to the monovalent nanobody.

Figure 2b shows the biodistribution of BiVCAMelid, as compared to its monovalent form.
While elimination from the blood remained rapid, concentration was increased at 20 min
post-injection (Figure 2b, 5.22 + 0.71%ID/g vs 2.36 = 0.10% ID/g, p= 0.016). This effect
appears to be related to molecular size, as a similar increase was observed for bivalent
control (5.27 + 0.39%ID/g vs 1.13 + 0.07%ID/g for control, p=0.0005). Apart from the
kidneys, uptake of the BiVCAMelid was increased in all other organs, relative to VCAMelid
(Figure 2b), with particularly large effects in the spleen (69.2 + 3.3% ID/g vs 24.2 +
1.3%ID/g, p=0.0002) and brain (0.607 £ 0.041%ID/g vs 0.167 + 0.009, p = 0.0181). Some
component of this increase in uptake may not be antigen-specific, however, as a number of
organs (e.g., lung, heart, spleen) also demonstrated increased uptake of bivalent control, as
compared to its monovalent form (Figure 2b).

We next assessed the performance of the BiVCAMelid in the focal brain inflammation
model (Figure 2c). As with monovalent VCAMelid, focal injury had little effect on blood
concentration or uptake by lung, liver, or heart. Splenic targeting was reduced (69.2 £
3.3%ID/g vs 48.0 £ 5.5%ID/g, p=0.0303). In contrast, targeting to the brain was markedly
increased following TNF-a injection (0.607 £ 0.041%ID/g vs 1.56 £ 0.22%ID/g in naive vs
injured animals, p=0.0137) (Figure 2c,d). No statistically significant changes were seen for
the bivalent control (Figure 2c).

Bispecific Nanobody Characterization.

We next produced a genetic fusion of VCAMelid and a species cross-reactive (mouse,
monkey, and human) albumin-binding nanobody (ALB8),22:23 using the same llama 1gG2
linker. Binding to serum albumin is a widely reported strategy for extending the
pharmacokinetics of small proteins and peptides,3° thought to extend circulation time by
decreasing renal filtration and taking advantage of the recycling of albumin by the neonatal
Fc receptor (FcRn).4041 The expression and purity of the bispecific VCAM/ALBS were
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similar to the other engineered forms of the nanobody (Figure S1c) and the protein was
readily modified by SrtA. Binding to mouse VCAM-1 expressing cells was shown to be
preserved in the presence of the albumin-binding arm, with Kp (32.1 + 3.1 nM) similar to
that of the VCAMelid (Figure 3a). We also confirmed binding to human serum albumin
(HSA) (Kp =5.83 £ 1.32 nM, Figure 3b) and the ability of the bispecific VCAM/ALBS to
simultaneously engage mVCAM-1 and HSA (Figure 3c).

The impact of binding to serum albumin is evident in Figure 3d, which shows a large
percentage of the dose remaining in the blood 20 min post-injection for both bispecific
VCAM/ALBS (36.3 £ 0.8%ID/g vs 1.13 + 0.07%ID/g, p < 0.0001, relative to VCAMelid)
and control/ALB8 (32.3 + 4.1%ID/g vs 2.36 £ 0.10%ID/g, p= 0.0016, relative to control).
VCAM/ALBS also had significantly increased uptake in all organs except for the kidney, as
compared to VCAMelid, with particularly large effects in the spleen (85.5 £ 4.6% ID/g vs
24.2 + 1.3%ID/g, p=0.0002) and brain (0.570 + 0.039%ID/g vs 0.167 + 0.009, p = 0.0006).
Interestingly, splenic uptake of VCAM/ALBS in naive mice was significantly greater than
that of BiVCAMelid (85.5 £ 4.6 vs 69.2 + 3.3%ID/g, p < 0.05), whereas brain uptake was
nearly identical (0.570 £ 0.039 vs 0.607 + 0.041%ID/g, p = 0.3427), indicating subtle
differences in the relative importance of prolonged circulation time and bivalent binding in
targeting VCAM-1 in these organs.

Figure 3e shows the biodistribution of VCAM/ALBS8 in mice with focal brain inflammation.
While splenic uptake was unchanged (85.5 + 4.6%I1D/g vs 90.5 + 8.6%ID/g, p= 0.6349)
(Figure 3e), brain targeting was enhanced 5.1-fold (0.570 £ 0.039%I1D/g vs 2.90 £
0.18%ID/g, p=0.0002). This was entirely antigen specific, as no induction of targeting was
seen for control/ALB8 (0.156 + 0.046%I1D/g vs 0.157 + 0.057%ID/g, p= 0.9756) (Figure
3e). Notably, brain targeting by VCAM/ALBS in injured mice was significantly greater than
both VCAMelid (2.90 + 0.18 vs 0.781 + 0.106%ID/g, p < 0.001) and BiVCAMelid (1.56 +
0.22%I1D/g, p< 0.01, by one-way ANOVA with Tukey’s test).

Nanobody Blood and Tissue Pharmacokinetics.

Having fully characterized the biodistribution of VCAMelid, BiVCAMelid, and VCAM/
ALBS in naive and injured mice at a single time point, we next aimed to fully characterize
the blood (Figure 4a) and tissue (Figure 4b,c, Table S1) pharmacokinetics of these
recombinant affinity ligands. This seemed particularly important given the large difference
in blood concentrations at 20 min post-dose. We focused on animals with focal brain
inflammation, in which targeted therapeutic delivery would be of particular interest. As
shown in Figure 4, the blood (Figure 4a), spleen (Figure 4b), and brain (Figure 4c)
concentrations of VCAM/ALBS8 were significantly enhanced, as compared to VCAMelid
and BiVCAMelid, persisting at fairly stable levels for at least 24 h. Non-compartmental
analysis (NCA) was used to quantify the differences in PK of the various engineered forms
of the nanobody (Table 1). The area under the blood concentration vs time curve (AUCjn)
was increased for VCAM/ALBS relative to both VCAMelid and BiVCAMelid (p < 0.0001
by one-way ANOVA with Tukey’s post-hoc test), while no significant changes were found
between VCAMelid and BiVCAMelid. Likewise, the terminal half-life (42 g) was
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unchanged by engineering of bivalent binding, but was significantly enhanced via albumin
binding (p= 0.0002 by one-way ANOVA with Tukey’s post-hoc test).

Conjugation to Superoxide Dismutase 1 (SOD-1).

We next sought to assess the utility of the VCAMelid nanobody and its bispecific, albumin-
binding form as targeting ligands for the delivery of a model therapeutic payload, selecting
Superoxide Dismutase-1 (SOD-1) for proof-of-concept studies (Figure 5a). Studies in
transgenic*2 and knockout#3 mice indicate that endothelial SOD-1 plays a significant role in
a variety of cerebrovascular functions, including endothelial-dependent vasodilation, and
targeted delivery to areas of vascular inflammation has demonstrated therapeutic effect in a
number of animal models.*4-4’ Moreover, untargeted SOD-1 is rapidly eliminated from the
circulation (4.54 £ 0.17%ID/g 20 min post-dose) and neither accumulates in the spleen
(0.919 £ 0.136%ID/g) or the injured brain (0.055 + 0.003% ID/g), suggesting that drug
targeting could have a meaningful difference in uptake at sites of VCAM expression (Figure
S4).

Reactions of azide-modified SOD-1 with DBCO-modified VCAMelid were carried out at
several ratios, all of which showed a conjugation efficiency of ~80% (Figure S5a). The
conjugate that was selected for /n vivo studies was reacted at a 4:1 excess of nanobody,
giving an average nanobody/SOD-1 ratio of 3.2. A similar degree of conjugation efficiency
was confirmed for VCAM/ALBS8-SOD (Figure Sbb). /n vitrobinding affinity, measured on
REN-VCAM cells, was 2.77 + 0.27 nM for VCAM-SOD conjugates (Figure 5b) and 2.62 +
0.32 nM for VCAM/ALBS8-SOD conjugates (Figure 5¢). The enhanced affinity relative to
the monomeric, unconjugated affinity ligands is likely due to the increased avidity of the
SOD conjugates.

In Vivo Behavior of Nanobody-SOD-1 Conjugates.

Like unconjugated SOD-1, VCAMelid-SOD conjugates were cleared quickly from the blood
(4.12 £ 0.13%ID/g, 20 min post-dose) in both naive and TNF-a injected mice. Slightly
higher blood concentrations were seen for the untargeted conjugate, control-SOD (Figure
5d). Specific targeting of VCAMelid-SOD, as compared to unconjugated SOD-1 and
control-SOD, was observed in the spleen (31.1 + 2.1%ID/g vs 0.919 + 0.136%ID/g vs 11.4
+ 0.5%ID/g, p< 0.0001), and the brain (0.328 £+ 0.029%ID/g vs 0.0303 + 0.0156%ID/g vs
0.0714 + 0.0038%ID/g, p < 0.0001), with a significant increase in brain targeting following
focal inflammatory insult (1.28 £ 0.10%ID/g vs 0.0547 + 0.0029%ID/g vs 0.102 £
0.005%ID/g, p< 0.0001) (Figure 5d).

We next compared the /n vivo behavior of VCAM/ALBS8 and VCAMelid-SOD conjugates.
A blood PK study in TNF-a-injured mice showed that the albumin-binding bispecific
nanobody conferred a pharmacokinetic advantage, with a 2.2-fold enhancement in AUCjn¢
over VCAMelid-SOD (Figure 5e), demonstrating that conjugation to a therapeutic protein
did not ablate the effect of albumin binding. Furthermore, the improvement in circulation
time translated into a significant increase in splenic uptake (40.3 £ 2.2%ID/g vs 31.1 + 2.1%
ID/g, p=0.0302), albeit modest in comparison to the effect seen in the absence of the
enzymatic cargo (Figure 5e). Likewise, both VCAMelid-SOD and VCAM/ALB8-SOD
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demonstrated significant targeting to the cerebrovasculature, but no difference was seen in
their brain uptake in naive mice (0.341 + 0.005%ID/g vs 0.328 + 0.029%ID/g, p = 0.7203),
despite the longer circulation time of the latter. The bispecific nanobody conjugates did
show an advantage over VCAMelid-SOD in targeting the brain of injured mice (1.90 = 0.07
vs 1.28 £ 0.10%ID/g, p = 0.0005) (Figure 5f). Therefore, while the performance of the
albumin-binding bispecific affinity ligand was somewhat blunted by conjugation to protein
cargo (Figure 3d), its capacity for therapeutic delivery to the primary target site was superior
to that of the unmodified nanobody.

Nanobody-Targeted Liposomes.

Finally, we evaluated the utility of VCAMelid as a targeting ligand for liposomes, an
extensively studied nanocarrier and one capable of delivery of a wide variety of therapeutic
agents. Our group recently described a strategy for oriented conjugation of recombinant
affinity ligands to the surface of PEGylated liposomes,3* which we applied here for
nanobodies. The biodistribution of VCAMelid liposomes, as compared to untargeted control
liposomes, is shown in Figure 6a. Blood concentrations at 20 min post-injection were low,
although somewhat higher than those of the SOD conjugates, and unaffected by VCAM-1
targeting. Likewise, splenic uptake was similar for targeted and untargeted liposomes,
presumably due to the high baseline uptake of immunoliposomes by the spleen. VCAMelid-
coated liposomes also failed to show specific accumulation in the brain of naive animals,
although significant targeting was seen in the inflamed brain (1.04 £ 0.25 VCAMelid/injured
vs 0.132 + 0.011 VCAMelid/naive vs 0.427 + 0.049 Untargeted/injured vs 0.264 +
0.013%ID/g Untargeted, p= 0.0082) (Figure 6a). Finally, we generated VCAM/ALBS-
coated liposomes and measured their biodistribution in naive and injured animals. As shown
in Figure 6b, the VCAM/ALBS8-liposomes behaved quite similarly to VCAMelid-liposomes.
No difference was seen in blood levels or splenic uptake, and while targeting was seen to the
injured brain, the albumin-binding bispecific nanobody provided no benefit relative to
VCAMelid-coated liposomes (1.16 + 0.23 vs 1.04 + 0.25%I1D/g in injured brain, p=
0.7556).

DISCUSSION

Targeted drug delivery of small molecules, proteins, and nanocarriers via attachment of
affinity ligands remains a relatively underdeveloped field of pharmacology, despite clear
potential for improvements in PK, potency, and therapeutic index. Notwithstanding a steady
stream of “proof-of-concept” reports, only a small number of targeted therapeutics have
demonstrated convincing efficacy in human disease and achieved success in the clinical
domain. One reason for the slow progress and limited bench-to-bedside translation may be
the relative lack of information regarding the optimal characteristics of targeting ligands or
even general guidelines regarding which attributes are of particular value for specific
applications. Even for monoclonal antibodies, where the molecular properties of the affinity
ligand have been exhaustively studied, little is known about the relevance of these factors
following bioconjugation to different cargoes. The Fc fragment is an example—despite a
marked effect on the plasma half-life of isolated antibodies (i.e., via FcRn recycling), the
effect on the circulation time of protein or nanoparticle cargoes remains unclear and, indeed,
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surface conjugation of full-length antibodies may accelerate clearance by promoting
opsonization or interaction with cells of the reticuloendothelial system.

Nanobodies are a relatively new entry into the world of drug targeting and have attracted
intense interest due to their relatively high affinity, molecular stability, small size (a potential
advantage for sterically obscured or extravascular targets), and lack of Fc fragment. Despite
industrial development for other biomedical applications (e.g., antigen capture and
molecular imaging) and a number of reports promoting their use for drug delivery, relatively
little work has been done to understand their relative advantages and disadvantages. The
VCAM-targeting nanobody utilized in this study, for example, has been extensively
characterized as a molecular imaging agent for atherosclerosis in several formats,30.36.37.48
but, to the best our knowledge, the current manuscript is the first to rigorously characterize
its biodistribution in the presence of acute focal or systemic inflammatory insults or to
evaluate its potential for delivery of protein and nanoparticle cargo to sites of endothelial
activation.

Our current results are focused in two areas: (I) understanding the impact of changes in
binding avidity and circulation time on the /n vivo performance of an affinity ligand, and (2)
determining the effects of these properties on delivery of potential therapeutic cargoes. Due
to their compact molecular folding and relative ease of expression, nanobodies are in many
ways an ideal substrate for this work—particularly given established techniques for
production of bivalent and bispecific molecular variants.28 Pairing these engineered forms
with our previously reported method of site-specific modification3134 (which allows
radiolabeling and bioconjugation without appreciable loss of binding affinity), we believe
we have developed a useful platform for systematic study of affinity ligand attributes and
their impact on biodistribution, pharmacokinetics, and drug delivery. It is worth noting the
role of target accessibility in this work. In contrast to the relatively large body of research on
nonvascular neoplastic epitopes, drug targeting to endothelial surface antigens benefits from
a lack of barriers to target access, allowing straightforward conclusions to be drawn
regarding the impact of molecular engineering on the /in vivo behavior of affinity ligands.
Thus, while improved drug delivery to solid tumors and metastases is a medical priority,
vascular accessible antigens may provide additional insights into factors controlling
biodistribution and drug delivery.

Through head-to-head comparison of various engineered forms of the same nanobody, the
current work arrives at several conclusions. First, modulation of both affinity/avidity
(BiVCAMelid vs VCAMelid) and circulation time (VCAM/ALBS8 vs VCAMelid) results in
significant improvement in uptake by the spleen (Figures 2b, 3d), a noninducible source of
VCAM-1, and the brain (Figures 2c, 3e), a largely inducible source of endothelial VCAM-1.
Indeed, our results indicate that these modifications have nearly identical impact at the
earliest time point (20 min post-injection), although a rapid decline in the blood
concentration of the BiVCAMelid eliminates any benefit over the monovalent nanobody at
later time points (2 and 6 h). As blood levels drop, the binding equilibrium presumably shifts
to a state favoring dissociation, and in spite of the higher affinity, the end result is a rather
paltry 1.4- and 1.3-fold increase in spleen and brain AUC, respectively. In contrast, the
prolonged circulation time (40fold enhancement in blood AUC) conferred by the albumin-
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binding arm of VCAM/ALBS results in 25.5- and 15.6-fold improvements in spleen and
brain AUC. This analysis makes it clear that circulation time outweighs avidity under these
specific circumstances, although similar empiric testing is likely necessary to determine the
relative importance of these attributes for other targets, epitopes, or types of affinity ligand.
For example, a ligand—target interaction which induces rapid internalization or one with an
extremely slow dissociation rate constant (e.g., half-life on the order of several hours) might
achieve prolonged delivery to target sites without the need for half-life extension. In fact,
one intriguing area of future investigation is that of affinity engineering (rather than the
molecular engineering approach taken in this manuscript), in which site-directed
mutagenesis or display-based techniques could be used to produce nanobodies with varying
binding kinetics. An ultra-slow dissociating nanobody, in particular, could have great utility
in certain drug delivery or imaging applications where both rapid blood clearance and
prolonged target engagement are desired.

Our group recently reported quantitative assessment of VCAM-1 as a target for selective
delivery of therapeutics to activated/injured cerebrovascular endothelium, using unilateral
striatal injection of TNF-a as a simple model of lateralizing brain inflammation.*® A key
finding of this publication was that a monoclonal antibody (mAb) directed against mouse
VCAM-1 (clone M/K-2.7) demonstrated not only high, specific uptake in naive brain
(~1.7% ID/qg), but a 10-fold increase in distribution (~17% ID/g) to the TNF-a injected
hemisphere. Based on these results and the potential biomedical significance of this
application, we were interested in determining the biodistribution of the VCAMelid and its
modified forms in this model. Our results demonstrate that prolonged circulation again
outweighs bivalent binding in determining brain uptake—in fact, in the presence of focal
inflammation, VCAM/ALBS is superior to BiVCAMelid or VCAMelid even at the earliest
time point. It is also interesting to note the relative /inferiority of VCAM/ALBS relative to
the M/K-2.7 mAb, which has ~3-fold higher brain uptake in naive animals and ~7-fold
higher uptake in TNF-a. injected hemispheres. It is tempting to speculate that this might be
due to M/K-2.7’s combination of long circulation time and bivalent binding, but it is
impossible to make direct comparisons, as the two ligands almost certainly engage distinct
epitopes on VCAM-1. Engineering the VCAMelid into a more “IgG-like” molecule, which
combines bivalent binding and albumin- or FcRn-binding would be one way to directly
assess this and may be an avenue for future investigation.

Having characterized the in vivo behavior of the nanobody—and its engineered forms—in
both normal and TNF-a challenged mice, we next assessed its performance as a targeting
ligand and sought to determine the effects of its molecular engineering on the circulation and
biodistribution of various cargoes. Azide-modified SOD-1 was used as a model protein,
while irrelevant nanobody-functionalized PEGylated liposomes were used as representative
nanoparticle drug carriers. Conjugation of the VCAMelid itself had variable impact on these
two entities, causing a marked shift in the biodistribution of SOD-1, while having relatively
little impact on liposomes in naive animals. This finding was somewhat surprising, in light
of our recently published studies, which showed a marked increase in brain uptake of
immunoliposomes targeted with the M/K-2.7 monoclonal antibody (~20-fold greater than
IgG-control in naive mice and >100-fold increase in TNF-a. injected hemispheres), and it
underscores the difficulty predicting a priori the utility of a given affinity ligand for drug
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delivery. The limited circulation time of the VCAMelid seems unlikely to be the culprit, as
both M/K-2.7 liposomes and VCAM/ALB8-conjugated particles demonstrate similar blood
concentrations at early time points post-injection. Likewise, conjugation of the bispecific
nanobody offered no improvement in tissue uptake over the VCAMelid-liposomes,
suggesting that other factors (e.qg., epitope) are likely responsible for the much higher brain
biodistribution of M/K-2.7 liposomes.

Unlike liposomes, targeting of SOD-1 was quite effective for both VCAMelid and VCAM/
ALBS, with each demonstrating 20-40-fold increases in splenic and brain uptake vs
untargeted controls (e.g., control-SOD). By comparing VCAMelid to the bispecific
nanobody, the latter had a significant effect on the blood PK of the SOD conjugates (2.2-fold
enhancement in blood AUC), but clearly far more modest than was seen for the affinity
ligands alone. This translated into small, albeit significant, 1.3- and 1.5-fold differences in
spleen and brain uptake, the latter being in TNF-a injected animals. Since each SOD-1
molecule had an average of 3.2 surface conjugated affinity ligands, it is possible that the
avidity of the conjugates is responsible for the relatively small differences in targeting at the
early time point. After all, a similar relationship was noted in the biodistribution of the
BiVCAMelid vs VCAM/ALBS, i.e., the two were nearly identical at 20 min post-injection,
despite large differences in blood concentrations, but then diverged at later time points.
Future experiments could directly assess this through synthesis and purification of
conjugates with varying levels of avidity.

In conclusion, we have utilized a toolbox of protein engineering strategies to systematically
evaluate the impact of binding affinity and circulation time on the biodistribution of a
VCAM-1 specific nanobody affinity ligand and its capacity for delivery of protein and
nanoparticle therapeutics (Figure 7). These variables were assessed under both basal and
inflammatory conditions and at sites of noninducible (spleen) and largely inducible (brain)
VCAM-1 expression. Our results show that for this ligand, target, and epitope, engineering
for enhanced pharmacokinetics has greater impact than improved avidity and that this held
true for different organs, expression levels, and physiologic states. At the same time, our
results clearly indicate that much of the benefit of affinity ligand engineering may be
“drowned out” by the characteristics of a given therapeutic cargo. Ultimately, the most
significant impact of the work may be demonstrating how little we currently understand
about the determinants of in vivo behavior and the critical need for systematic study as a
means of establishing future mathematical models or at least guidelines for the design of
novel affinity targeted interventions.

EXPERIMENTAL PROCEDURES

Materials.

Restriction enzymes were purchased from New England BioLabs (Ipswich, MA). Custom
peptides were synthesized by Thermo Fisher (Carlsbad, CA). Lipids and cholesterol were
obtained from Avanti Polar Lipids (Alabaster, AL). All chemicals and other reagents were
purchased from SigmaAldrich (St. Louis, MO), unless otherwise noted in the text.
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Protein Expression and Purification.

DNA sequences encoding single-domain antibodies directed against mouse vascular cell
adhesion molecule 1 (mVCAM-1),30 nontargeted control,3 and serum albumin®° were
obtained from the literature. The nontargeted control is a previously reported anti-human
ICAM-1 nanobody. Bivalent or bispecific nanobodies were produced as genetic fusions,
with nanobodies linked by the upper hinge region of llama 1gG228 (Figure S6). Linear DNA
fragments encoding the molecules were ordered as gBlocks (IDT, Coralville, 1A) with 5
Ncol and 3" Nhel restriction enzyme sites to allow insertion into the vector pBAD/LPET.
This plasmid was derived from the commercially available pBAD/glll vector
(ThermoFisher, Carlsbad, CA) by addition of a sequence encoding a C-terminal Sortase A
recognition motif (LPETG), triple FLAG tag, and stop codon.3! Following ligation into
pBAD/LPET, DNA was transformed into Top10 E. coli (ThermoFisher, Carlsbad, CA) to
allow for periplasmic expression of proteins.

Expression and purification of nanobodies were performed using a periplasmic expression
system. Briefly, £. coliwere grown up to an optical density of 0.5-0.8 at 600 nm in Terrific
Broth containing 100 g/mL ampicillin at 37 °C. Protein expression was induced using
0.02%w/v arabinose and allowed to proceed overnight at 18 °C. Cell pellets were collected
via centrifugation for 20 min at 8000xg. Periplasmically expressed proteins were extracted
from cell pellets using a standard osmotic shock protocol. Briefly, cell pellets were
resuspended in a buffer consisting of 30 mM Tris-HCI, 20% w/v sucrose, and 1 mM EDTA,
pH 8.0, following by centrifugation as described above. Release of periplasmic proteins was
achieved by resuspending in 5 mM magnesium sulfate, and cell debris was removed by
centrifugation. Nanobodies were purified from the shock fluid using L5-agarose (anti-
FLAG) affinity chromatography (BioLegend, San Diego, CA). Protein purity was assessed
using a size exclusion (SEC) high-performance liquid chromatography (HPLC) (Waters,
Milford, MA), with separation being performed on a Yarra 2000-GFC column
(Phenomenex, Torrance, CA).

Sortase A Modification of Proteins.

Sortase A (SrtA) was produced in T7 Shuffle £. cofi, as previously described,3! with a C-
terminal hexahistidine tag to allow purification via Ni-NTA chromatography. In a typical
reaction, sortagged nanobody proteins (40 xM) were incubated with equimolar SrtA (40
1M), an excess of HoN-GGG-containing peptide (100 M), and Ca2* (1 mM) in Tris-
buffered saline (TBS), pH 7.4, overnight at room temperature. SrtA was removed from the
reaction mixture using Ni-NTA-agarose beads and unreacted peptide was removed via
centrifugation over a 10 kDa cutoff filter (Amicon). Reacted proteins were stored in PBS
containing 5 mM EDTA to quench the activity of any residual SrtA.

NHS-Ester Modification of Nanobodies.

Nanobodies were labeled with AlexaFluor488 via amine coupling chemistry. Briefly,
AlexaFluor488-NHS ester was reacted with nanobodies at a 20:1 molar ratio for 1 h at room
temperature. Unreacted dye was removed via centrifugation over a 10 kDa cutoff filter.
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VCAM-1 Binding Affinity.
Binding between nanobodies and mVCAM was measured by flow cytometry using a BD
Accuri C6 flow cytometer. Briefly, nanobodies were conjugated to a 5-carboxyfluorescein
(FAM)-containing peptide (GGGK-[5-FAM]GGGSK]Jazide]) via SrtA-mediated
transpeptidation were incubated with formaldehyde-fixed cells transfected to express mouse
VCAM-1 (REN-VCAM)*? or wild-type cells (REN-WT) at a range of concentrations for 1 h
on ice in PBS containing 3% v/v fetal bovine serum (FBS). Following a wash with PBS,
cells were resuspended in PBS and binding was measured on the cytometer. Binding data
was fit to a typical binding equation in order to obtain estimates of the equilibrium
dissociation constant (Kp).

Albumin Binding Affinity.
Binding of nanobodies to human serum albumin (HSA) was measured using an enzyme-
linked immunosorbent assay (ELISA). Nunc MaxiSorp 96 well plates were coated overnight
at 4 °C with 0.5 mg/mL of HSA or casein in 0.1 M sodium phosphate, monobasic. Plates
were then blocked for 2 h at 37 °C with 1% w/v casein in PBS, followed by washing with
PBS. Varying concentrations (0-400 nM) of albumin-binding nanobody were added to the
wells in PBS and incubated for 2 h at 37 °C, followed by PBS washes. Secondary anti-
FLAG (M2) monoclonal antibody conjugated to horseradish peroxidase (HRP) was added to
the wells at a 1:15,000 dilution in PBS for 1 h at 37 °C, followed by washes as described
above. TMB substrate (BioLegend, San Diego, CA) was then added (200 zd_/well) and
allowed to develop in the dark for 15 min and the reaction was stopped by addition of 50 gL
of 10% v/v HySOy4. The plates were then read using a SpectraMax M2 plate reader
(Molecular Devices, San Jose, CA) at 450 nm to assess binding to HSA.

Simultaneous Binding to VCAM-1 and HSA.

Flow cytometry was used to assess the ability of bispecific nanobodies to simultaneously
engage both VCAM-1 and albumin. Briefly, unmodified nanobody was added to either
REN-VCAM or REN-WT cells at a range of concentrations, as described above. Detection
was performed by addition of 50 nM of AlexaFluor647-modified HSA, and incubation on
ice for 1 h, followed by washing with PBS. The degree of binding was measured using flow
cytometry, as described above.

Camelid Radiolabeling.

Nanobodies were site-specifically radiolabeled with 111In using SrtA-mediated
transpeptidation (Figure S7). Briefly, 111In (Nuclear Diagnostics) was resuspended in metal-
free 0.5 M tetramethylammonium acetate (TMAA), pH 4.5, and incubated with a peptide
containing a radiometal chelating group (HoN-GGGK-DOTA, Click Chemistry Reagents,
San Diego, CA) for 1 h at 37 °C. The reaction was quenched by neutralization with 2 M Tris
and degree of radiometal incorporation was confirmed to be >95% using thin-layer
chromatography (TLC). The radiolabeled peptide was conjugated to nanobodies using SrtA-
mediated transpeptidation, as described above. The reaction mixture was then purified first
by removing SrtA using Ni-NTA agarose beads, followed by desalting using a 10DG column
to remove unreacted peptide.

Bioconjug Chem. Author manuscript; available in PMC 2021 April 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Glassman et al.

Conjugation

Page 14

to Superoxide Dismutase.

Superoxide dismutase (SOD-1), obtained from bovine erythrocytes, (Sigma-Aldrich) was
modified by mixing 2 mg/mL SOD-1 with a 60-fold excess of azido-PEG,4-NHS ester (Click
Chemistry Tools) in PBS containing 0.1 M sodium bicarbonate, pH 8.3, and incubating for 1
h at room temperature. Unreacted NHS-ester was removed by repeated spins through a 10
kDa cutoff filter. Conjugation with nanobodies was carried out using strain-promoted
alkyne-azide cycloaddition (SPAAC) (“click chemistry”) (Figure S8). As described
previously,3* a peptide containing a free C-terminal thiol (GGGK[5-FAM]GGSC) was
modified with dibenzylocyclooctyne (DBCO) through maleimide chemistry, by reaction
with DBCO-PEG,4-maleimide (Click Chemistry Tools, Scottsdale, AZ). This peptide was
then site-specifically reacted with nanobodies using SrtA-mediated transpeptidation, as
described above. Conjugation was carried out at varying ratios of nanobody:SOD-1, ranging
from 1:1 to 4:1, in PBS, pH 7.4, and the degree of conjugation was assessed using SEC
HPLC. For further evaluation, unreacted nanobody and SOD were removed by
centrifugation through appropriate molecular weight cutoff filters.

SOD-1 Radiolabeling.

SOD-1-azide was directly radiolabeled with [125INal (PerkinElmer, Waltham, MA) using
iodination beads and purified using Zeba spin columns. Radiochemical purity was confirmed
to be >95% via TLC.

Liposome Production, Radiolabeling, and Conjugation.

Animal Use.

Liposomes were produced as described previously.34 Briefly, 16:0 1,2-dipalmitoyl-sr-
glycero-3-phosphocholine (DPPC), cholesterol, 1,2-distearoyl-sr-glycero-3-
phosphoethanolamine-A-[azido(polyethylene glycol)-2000] (DSPE-PEG(2000)-azide), and
1,2-distearoyl-sr-glycero-3-phosphoethanolamine- A-diethylenetriaminepentaacetic acid
(PE-DTPA) were mixed in a ratio of 69:25:1:0.1 and chloroform was evaporated to form
lipid films. Films were rehydrated in 0.2 M sodium citrate, pH 4.5, and extruded using a 200
nm filter at 50 °C. Liposomes were radiolabeled with 111In by incubating at 37 °C for 1 h.
The degree of radiometal incorporation was assessed using TLC and any residual free
radiometal was removed by use of a 10 kDa MWCO Amicon filter unit (Millipore).
Liposomes were then buffer-exchanged into PBS, pH 7.4, to allow for SPAAC-mediated
conjugation of DBCO-modified nanobodies. Nanobodies were added to liposomes and
reacted overnight at 37 °C (Figure S8). At all steps, the size and polydispersity index (PDI)
of liposomes were measured using dynamic light scattering (DLS) on a Malvern Zetasizer
(Malvern, UK).

Liposomes were buffer-exchanged into PBS, pH 7.4, and DBCO-modified nanobodies were
added to azide-liposomes at a ratio of 400 affinity ligands/particle. Following overnight
reaction at 37 °C, liposomes were purified using a Sepharose CL-4B column and reaction
efficiency was quantified via fluorescence plate assay (Figure S9).

All animal experiments were approved by the Institutional Animal Care and Use Committee
(IACUC) of the University of Pennsylvania.

Bioconjug Chem. Author manuscript; available in PMC 2021 April 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Glassman et al.

Page 15

In Vivo Studies.

Statistics.

Systemic inflammation was induced by intravenous (IV) injection of 2 mg/kg
lipopolysaccharide (LPS) B5. Biodistribution studies were carried out 5 h post-LPS
injection. Local, neurovascular inflammation was induced as described previously.5! Briefly,
0.5 g of human tumor necrosis factor-a (hnTNF-a) (BioLegend, San Diego, CA) was
injected into the right striatum of 6-8-week-old male C57BL/6 mice using a stereotactic
frame 16-18 h prior to in vivo studies.

All formulations were injected intravenously via the retro-orbital plexus in a volume of 100
4L or less. Blood and organs (lung, liver, kidney, heart, spleen, and brain) were collected at
20 min, 2 h, 6 h, or 24 h for whole-body biodistribution studies. Prior to organ collection, all
animals were perfused with 20 mL of ice-cold PBS via the right ventricle to remove residual
blood from tissues. For investigation of blood pharmacokinetics (PK), blood samples were
collected from the retro-orbital plexus using heparinized capillary tubes at various time
points following injection. Radioactivity in blood and tissue samples was counted using a
gamma counter.

All statistical and regression analyses were performed using GraphPad Prism 5.0.
Comparisons between 2 groups were performed using unpaired #tests, while comparisons of
3 or more groups were performed using one-way ANOVA with Tukey’s post-hoc test.
Statistical significance is represented as * (p < 0.05), ** (p< 0.01), *** (p < 0.001), **** (p
< 0.0001).
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Figurel.
Characterization of VCAMelid targeting. (a) Specific binding of VCAMelid to VCAM-

expressing cells. (b) Whole-body biodistribution of VCAMelid and untargeted control in
naive, (c) LPS-injected animals, and (d) intrastriatal (1S) TNF-injected animals.
Comparisons were made by one-way ANOVA with Tukey’s post-hoc test, * (p< 0.05), ** (p
<0.01), *** (p< 0.001). All biodistributions were performed 20 min post-injection of 5 /g
of nanobody.
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Characterization of BiVCAMelid targeting. (a) Specific binding of BiVCAMelid to VCAM-
expressing cells, (b) whole-body biodistribution of VCAMelid and BiVCAMelid in naive
animals, and (c) whole-body biodistribution of BiVCAMelid and untargeted control in naive
and injured animals. Comparisons were made by one-way ANOVA with Tukey’s post-hoc
test, * (p< 0.05), ** (p< 0.01), *** (p < 0.001). All biodistributions were performed 20 min
post-injection of 10 yg of bivalent nanobody.
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Figure 3.
Characterization of VCAM/ALBS bispecific nanobody. (a) Binding of VCAM/ALBS to

VCAM-expressing cells, (b) binding of VCAM/ALBS to human serum albumin, measured
using plate-based ELISA, (c) simultaneous binding of VCAM/ALB8 to VCAM-expressing
cells and to human serum albumin, measured using fluorescently labeled HSA, mouse
VCAM-1 expressing cells (or controls), and varying concentrations of VCAM/ALBS, (d)
whole-body biodistribution of VCAM/ALBS and untargeted control, as compared to
monovalent forms, and (e) distribution of VCAM/ALBS and untargeted control in naive and
injured animals. Comparisons were made by one-way ANOVA with Tukey’s post-hoc test, *
(p<0.05), ** (p<0.01), *** (p< 0.001). All biodistributions were performed 20 min post-
injection of 10 wg of bispecific nanobody.

Bioconjug Chem. Author manuscript; available in PMC 2021 April 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Glassman et al.

Page 22

100 104
A B Cc 3
100
10
=) =) ) \\-“ —a
a 8 8 1
® ® <
1
0.1+ . . v , 109 Y . . . Y 0.1 T . . r .
0 10 15 20 25 0 5 10 15 20 25 0 5 10 15 20 25
Time (h) Time (h) Time (h)

Figure 4.
Pharmacokinetics of VCAMelid, BiVCAMelid, and VCAM/ALBS8 in TNF-a injected mice.

(a) Blood, (b) Spleen, and (c) Brain concentration vs time profile. PK studies were
performed after injection of equimolar doses of monovalent (VCAMelid, 5 1q), bivalent
(BiVCAMEelid, 10 wg) and bispecific (VCAM/ALBS, 10 .g) nanobodies.
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Characterization of nanobodies as drug targeting agents. (a) Depiction of the hypothesized
conjugate structure. Binding affinity of (b) VCAMelid-SOD conjugates and (c) VCAM/
ALBB8-SOD conjugates. (d) Whole-body biodistribution of VCAMelid-SOD conjugates, ()
blood pharmacokinetics of VCAMelid-SOD and VCAM/ALBB8-SOD conjugates in TNF-a
injected mice, and (f) biodistribution of VCAM-SOD and VCAM/ALBB8-SOD conjugates in
brain. All biodistributions were performed 20 min post-injection of equimolar doses of
VCAMelid-SOD (10 g) or VCAM/ALB8-SOD (16 1g) conjugates.
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Figure 6.

Nanobody-targeted liposomes. Biodistribution of (a) VCAMelid and untargeted control-
coated liposomes and (b) VCAMelid and VCAM/ALBS8-coated liposomes in select tissues
of naive and injured mice. All biodistributions were performed 20 min post-injection of 50
L of liposomes.
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Figure 7.
Comparison of all tested constructs. Biodistribution data for (a) nanobodies, (b) nanobody—

SOD conjugates, and (c) nanobody-targeted liposomes are shown for blood, target organs
(spleen and brain), and elimination organs (liver and kidney) 20 min post-1V injection in
mice that had previously received local brain injury (IS TNF-a). Brain data is shown as an
inset on all plots. Blood, spleen, and brain data are reproduced from Figures 1, 2, 3, 5, and 6.
The same y~axis scale was used across all plots for ease of comparison.
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Table 1.
Pharmacokinetic Parameters for VCAMelid, BiVCAMelid, and VCAM/ALBS

Parameter® VCAMdid  BiVCAMeid VCAMI/ALBS

AUCi (%IDIgh) 956 (1407 198 (7.6 389 (40)

CL (mL/h) 10.6 (1.6) *# 5.79 (2.87)# 0.259 (0.025)
tzp ™ 159 0.17)"# 1,97 (0.05"# 132(28)
Ve (mL) 16.9 (7.0) 7.87 (0.48) 9.00 (0.21)

aParameters are displayed as Mean (SEM). Comparisons were made using one-way ANOVA with Tukey’s post-hoc test

*

(p<0.05)
(p<0.01)

*:

A

(p< 0.001) vs BiVCAMelid
#(p< 0.05)
#p<0.01)

###(p <0.001) vs VCAM/ALBS.
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