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Drug targeting to inflammatory brain pathologies such as stroke
and traumatic brain injury remains an elusive goal. Using a mouse
model of acute brain inflammation induced by local tumor necrosis
factor alpha (TNFα), we found that uptake of intravenously in-
jected antibody to vascular cell adhesion molecule 1 (anti-VCAM)
in the inflamed brain is >10-fold greater than antibodies to trans-
ferrin receptor-1 and intercellular adhesion molecule 1 (TfR-1 and
ICAM-1). Furthermore, uptake of anti-VCAM/liposomes exceeded
that of anti-TfR and anti-ICAM counterparts by ∼27- and ∼8-fold,
respectively, achieving brain/blood ratio >300-fold higher than that
of immunoglobulin G/liposomes. Single-photon emission computed
tomography imaging affirmed specific anti-VCAM/liposome targeting
to inflamed brain in mice. Intravital microscopy via cranial window
and flow cytometry showed that in the inflamed brain anti-VCAM/
liposomes bind to endothelium, not to leukocytes. Anti-VCAM/LNP
selectively accumulated in the inflamed brain, providing de novo
expression of proteins encoded by cargo messenger RNA (mRNA).
Anti-VCAM/LNP-mRNA mediated expression of thrombomodulin
(a natural endothelial inhibitor of thrombosis, inflammation, and
vascular leakage) and alleviated TNFα-induced brain edema. Thus
VCAM-directed nanocarriers provide a platform for cerebrovascu-
lar targeting to inflamed brain, with the goal of normalizing the
integrity of the blood–brain barrier, thus benefiting numerous
brain pathologies.

blood–brain barrier | cerebrovascular drug targeting | drug delivery to
brain | mRNA therapy | VCAM-1

Drug delivery to the central nervous system (CNS) is an im-
portant and challenging goal. Strategies to achieve CNS

delivery include local administration (1, 2), using cells and
exosomesas carriers (3–7), and vascular drug targeting, that is,
coupling drugs with affinity ligands for target molecules in the
cerebral blood vessels. Ligands for transferrin receptor (TfR)
(8), insulin receptor (9), P-selectin (CD62P) (10), intracellular
adhesion molecule-1 (ICAM-1, or CD54) (11), and other targets
have been used for cerebrovascular targeting (12, 13).
Most efforts in this area of research focus on drug delivery

across the blood–brain barrier (BBB) via interventions including
those transiently opening BBB or using BBB leakiness caused by
the pathology (8–19). The BBB disruption is a hallmark of the
pathogenesis of ischemic and hemorrhagic stroke, traumatic brain
injury, meningitis, encephalitis, and other maladies. The BBB ab-
normalities also aggravate these pathologies by causing brain
edema, inflammation, and tissue injury; hence, therapies normaliz-
ing the BBB integrity may improve management of these dangerous
conditions, some of which lack effective pharmacotherapy (19, 20).

In this study, we set out to deliver drugs to the cerebrovascular
endothelium, the key cellular constituent of the BBB, with the
goal of normalizing and stabilizing the abnormal BBB. Animal
studies showed that drug carriers (liposomes and lipid nano-
particles, LNPs) targeted to vascular cell adhesion molecule-1
(VCAM-1, or CD106) accumulate in the inflamed brain in more
effectively and selectively than ICAM- and TfR-targeted coun-
terparts. Furthermore, intravenous (i.v.) injection of VCAM-
targeted LNPs carrying messenger RNA (mRNA) encoding for
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thrombomodulin (TM) transgene provided tangible alleviation
of cerebrovascular edema induced by tumor necrosis factor alpha
(TNFα). These results provide proof of concept for an approach
normalizing pathologically altered BBB via targeted delivery of
therapeutic mRNA to the abnormal cerebrovascular endothelium.

Results
Uniquely Selective and Effective Targeting of Anti-VCAM to the
Inflamed Brain. To our knowledge, studies of VCAM-1–targeted
drug delivery to the inflamed/activated BBB endothelium are
lacking. To fill this gap of knowledge, here we embarked on the
systematic quantitative analysis of the biodistribution parameters
of candidate antibodies and a range of delivery systems, both at
baseline and in a mouse model of TNFα-induced acute brain in-
flammation (by TNFα microinjection in the striatum).
Radiolabeled monoclonal antibodies against VCAM-1, ICAM-1,

TfR-1, or control immunoglobulin G (IgG) were injected (0.2 mg/kg)
i.v. in control mice and after microinjection of TNFα into the
striatum. For each labeled antibody, in vitro immunoreactivity
assays were performed prior to quantitative isotope tracing to
ensure that a high percentage (>80%) retained antigen-binding
activity (21). Fig. 1A shows data for the lungs (Fig. 1A, Left) and
brain (Fig. 1A, Middle) of animals injected with anti-ICAM and
anti-VCAM vs. control IgG. Comprehensive data for all ligands
and organs for both groups of animals are given in SI Appendix,
Table S1. This large-scale animal study unveiled intriguing and
important findings.

In control mice, anti-ICAM demonstrated high pulmonary
uptake (109.9 ± 9.2% of the injected dose per gram of tissue;
%ID/g, P < 0.001 vs. all other formulations), while uptake of
anti-VCAM was an order of magnitude lower (15.9 ± 1.4%ID/g).
Uptake of anti-TfR was three times lower vs. anti-VCAM (4.7 ±
3.1; SI Appendix, Table S1), while that of control IgG was a further
five times lower (0.9 ± 0.5%ID/g). In contrast, brain uptake of
anti-VCAM in control mice was on par with anti-TfR and four
times higher than anti-ICAM (1.5 ± 0.1 vs. 1.7 ± 0.1 vs. 0.4 ± 0.1%
ID/g, P < 0.05). Control IgG showed minimal brain uptake (0.1%
ID/g, P < 0.001 vs. anti-VCAM).
Pulmonary uptake of anti-ICAM was further elevated in TNFα-

challenged mice vs. naïve animals (150.8 + 10.6%ID/g). This
presumably reflects an increase in pulmonary endothelial ICAM-1
and matches the well-documented interplay between brain injury
and lung inflammation in humans (22). In contrast, anti-VCAM
uptake in lungs of TNFα-challenged animals showed minimal
change (22.3 + 3.9%ID/g), and pulmonary uptake of anti-TfR and
untargeted IgG (5.1 + 1.6 and 0.9 + 0.5%ID/g, respectively; SI
Appendix, Table S1 were not changed at all vs. control mice.
Most strikingly and importantly, the uptake of anti-VCAM in-

creased more than an order of magnitude in the brain of TNFα-
injured mice, far exceeding that of anti-ICAM and anti-TfR (17.1 ±
0.6 vs. 2.6 ± 0.2% and 1.5 ± 0.2% ID/g, anti-VCAM, anti-ICAM,
and anti-TfR, respectively, P < 0.001). TNFα challenge did not
affect IgG uptake in brain (0.1 ± 0.0% ID/g, P < 0.001 vs. anti-
VCAM). The time course of brain target accessibility is pre-
sented in SI Appendix, Fig. S1. Ratio of %ID/g in an organ and

Fig. 1. Biodistribution of radiolabeled antibodies and immunoliposomes in naïve and TNFα-injured mice. (A, Left) Anti–ICAM-1 mAb demonstrates specific
uptake in the lung (***P < 0.001 vs. IgG and VCAM-1), with a slight—but statistically significant—increase in animals receiving intrastriatal TNFα (#P < 0.05 vs.
naïve). Anti–VCAM-1 mAb, in contrast, accumulates in the brain (***P < 0.001 vs. IgG and ICAM-1) and demonstrates a >10-fold increase in both brain uptake (A,
Middle) and brain:blood ratio (A, Right) following intrastriatal TNFα (***P < 0.001 vs. naïve). (B) ICAM-1 and VCAM-1 targeted immunoliposomes show nearly
identical patterns of lung and brain biodistribution as their counterpart mAbs. In particular, anti–VCAM-1 liposomes demonstrate a similar ∼10-fold increase in
brain uptake (B, Middle) and brain:blood ratio (B, Right) in TNFα-injured mice (***P < 0.001 vs. naïve). In all experiments, organ biodistribution was measured
30 min after i.v. injection (0.2 mg/kg of antibody and 20 mg/kg of liposome) of radiolabeled materials. mAb or immunoliposomes were given 16 h after intrastriatal
TNFα injection. Each data point represents n = 3 animals with mean ± SD shown, and two-way ANOVA with Dunnett’s post hoc test was applied. Note that IgG
and IgG/liposome bars are practically invisible in all panels (the data are shown in SI Appendix, Table S1). *P < 0.05 vs. IgG; **P < 0.01 vs. IgG.
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blood (localization ratio, LR, Fig. 1, Right) allows comparison of
different formulations taking into account differences in blood
clearance rate. In turn, dividing LR of a targeted formulation by
LR of a nontargeted one yields the immunospecificity index (ISI;
SI Appendix, Table S1). Analysis of these parameters helps one
to appreciate the exquisite selectivity and efficacy of anti-VCAM
targeting to the inflamed brain. The ISI of anti-VCAM uptake
achieved 3,157.2 ± 710.3, indicating three orders of magnitude
superiority over untargeted IgG, an order of magnitude over anti-
ICAM-1 (ISI 273.3 ± 158.2) and more than two orders of mag-
nitude over anti-TfR (ISI 14.6 ± 1.9).
Consistent with the kinetics of induction of expression of

VCAM-1 and ICAM-1 in response to TNFα challenge that is
known to take hours to reach the maximal expression (23, 24),
targeting to these molecules was time-dependent, in contrast with
the relatively stable and substantially inferior targeting to TfR (SI
Appendix, Fig. S3).

Selective Targeting of Anti-VCAM/liposomes to the Inflamed Brain.
This study using antibodies identified VCAM-1 as a uniquely at-
tractive target for inflamed brain. However, parameters of tar-
geting of ligand-coated drug delivery vehicles often differ from
those of free ligand, due to different pharmacokinetics and access
and binding to the target, among other reasons. To appraise po-
tential drug delivery utility of this finding, we reproduced this
study using antibody-coated liposomes (20 mg/kg of liposomes),
lipid-based nanocarriers that are among the most advanced
translational carriers in nanomedicine. We employed site-specific
click chemistry to conjugate antibodies to liposomes, labeled with
111In bound to a diethylenetriaminepentaacetic acid (DTPA)–lipid
to allow for direct tracing of the liposome. The characteristics of
liposome formulations are summarized in SI Appendix, Table S4.
Intrigued by essentially opposite patterns of cerebral vs. pul-

monary uptake of antibodies to VCAM-1 and ICAM-1, we focused
on targeting liposomes to these two endothelial cell (EC) adhesion
molecules (Fig. 1B). In general agreement with the behavior of
the antibodies, anti-ICAM/liposomes accumulated extraordi-
narily well in the lungs and the uptake was further elevated in
TNFα-striatum–challenged mice (115.6 and 231.7 ± 19.5%ID/g),
whereas pulmonary targeting of anti-VCAM/liposomes did not
exceed 10%ID/g in either control or TNFα-challenged mice and
IgG uptake was in the range of 1 to 2% ID/g in both cases (Fig.
1B, Left).
In the brains of control mice, the uptake of anti-VCAM/

liposomes exceeded that of anti-TfR/liposomes (0.2 ± 0.0) by
four times and that of anti-ICAM/liposomes and IgG/liposomes
(0.9 ± 0.1 vs. 0.1 + 0.0 vs. 0.04 ± 0.03%ID/g, P < 0.001 anti-
ICAM and IgG/liposomes vs. anti-VCAM/liposomes) by an or-
der of magnitude (Fig. 1B, Middle). Furthermore, in mice with
TNFα-induced acute brain inflammation, cerebral uptake of
anti-VCAM/liposomes reached 6.0 ± 0.3%ID/g, vs. 1.2 + 0.2 and
0.1 + 0.0%ID/g for anti-ICAM/liposomes and IgG/liposomes,
respectively (anti-ICAM and IgG/liposomes vs. anti-VCAM/
liposomes, P < 0.001). The ISI of anti-VCAM/liposomes in
the inflamed brain was 623.2 ± 401.6, whereas ISI of anti-
ICAM/liposomes was 20 times lower (36.3 ± 14.6; SI Appendix,
Table S2).
In addition, sham-operated mice were included in our analysis.

These animals were treated exactly as TNFα-injected counter-
parts (anesthesia, surgery, and intrastriatal injection) but received
an injection of an equal volume of saline, rather than the in-
flammatory cytokine. We tested two parameters in these animals:
1) uptake of radiolabeled antibodies and IgG control (SI Appen-
dix, Table S3) and 2) brain edema, as measured by leakage of
radiolabeled albumin (see Fig. 6).
The uptake of IgG and anti-ICAM antibodies in sham-operated

brain (ipsilateral hemisphere) was low and not statistically differ-
ent from that seen in naïve animals (0.15 ± 0.07%ID/g for IgG

sham ipsilateral vs. 0.08 ± 0.04%ID/g for IgG in naïve and 0.39 ±
0.07%ID/g for anti-ICAM sham ipsilateral vs. 0.35 ± 0.08%ID/g
for ICAM in naïve, P < 0.05). In contrast, SI Appendix, Table S3
shows that anti-VCAM antibody distribution was increased in
the ipsilateral hemisphere of sham-operated animals (2.36 ±
0.10%ID/g for sham ipsilateral vs. 1.52 ± 0.10%ID/g for naïve,
P < 0.05), although the magnitude of this change was much
smaller than that seen with TNFα-injected animals (17.10 ± 0.60,
P < 0.001 vs. naïve).
These results indicate that the sham procedure, not surpris-

ingly, causes some degree of injury and inflammation and a cor-
responding increase in the amount of accessible VCAM-1 in the
surrounding cerebrovasculature. Interestingly, the effect is not
significant enough to allow leakage of nontargeted IgG into the
brain tissue. This only further underlines the sensitivity of VCAM-
1 biodistribution as a means of detecting brain pathology, a
strategy detailed in prior reports (25–27), as well as its potential as
a target for selective delivery of therapeutic cargo to areas of brain
injury and inflammation.

Single-Photon Emission Computed Tomography /Computed Tomography
Imaging of Cerebral Inflammation Using Anti–VCAM-1/liposomes.
VCAM-1 targeted particles have shown impressive results in im-
aging of brain inflammation and ischemia using MRI and other
modalities in animals (25–28). Based on the encouraging magni-
tude of radiolabeled anti-VCAM/liposome uptake in the inflamed
brain, we wanted to appraise potential imaging contrast utility of
this formulation. Accordingly, we functionalized anti-VCAM/
liposomes or IgG/liposomes with DTPA and loaded the chelate
with 111In. The 111In-labeled liposomes were injected i.v. (20 mg/kg)
in TNF-injured mice and the mice were imaged with single-photon
emission computed tomography (SPECT) and computed tomog-
raphy (CT) postmortem (Fig. 2 A and B).
In contrast to IgG/liposomes, anti-VCAM/liposomes produced

a strong signal in the inflamed brain tissue, with signal in the injured
hemisphere predominant (Fig. 2B). Autoradiography of 2-mm
brain slices from injured mice receiving anti-VCAM/liposomes
confirmed the pattern of 111In signal observed in SPECT images
(Fig. 2C). Total background-corrected SPECT signal in the TNF-
injured brain was sixfold higher in mice receiving anti-VCAM/
liposomes, as compared to IgG/liposomes (Fig. 2C). As noted
above, other studies have shown that VCAM-targeted nano-
particles can confer specific imaging contrast in injured brain
vasculature. However, our result matches or exceeds previous
state of the art in terms of VCAM specificity (25, 28), demon-
strates VCAM-targeted imaging with SPECT, a quantitative im-
aging contrast modality (26, 27, 29), and employs liposomes, a
nanoparticle with demonstrated biocompatibility and translational
potential. Our results therefore confirm that VCAM-1 targeted
nanoparticles can be used for noninvasive imaging of pathological
vascular activation in brain pathology.
Of note, our imaging data indicate that VCAM up-regulation

and targeting is distributed throughout the injured brain hemi-
sphere. By contrast, a recent study by Llovera et al. (30) indicated
that unilateral stroke will induce unilateral changes in the choroid
plexus (CP), including possible CP-localized up-regulation of
VCAM-1. Our finding of more distributed targeting may be at-
tributable to differences between VCAM expression in TNF in-
jury vs. stroke models, as indicated by findings with TNF injury
in Montagne et al. (26) and with stroke models in Gauberti
et al. (27).

Intravital Microscopy of Anti-VCAM/liposome Targeting to Inflamed
Brain. Capitalizing on recent advances in intravital, multilabel
fluorescent microscopy of cerebral vasculature in situ via cranial
window (31), we imaged the real-time accumulation of anti-
VCAM/liposomes in the inflamed brain. In order to induce in-
flammation of the superficial cerebral vessels, which can be
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reliably imaged through the cranial window, TNFα microinjec-
tion was administered using a subarachnoid catheter. While no
signal was observed at baseline, green fluorescent anti-VCAM/
liposomes accumulated at the vascular margin within minutes of
i.v. injection (20 mg/kg) in naïve mice (Fig. 3, Left), outlining
bright large vessels in the area that is being imaged, which dims
any signal from smaller vessels nearby.
Only occasional leukocytes (labeled with rhodamine dye) were

seen passing through the vessels. The liposome signal faded and
was no longer visible by 4 h postinjection. The attribution of vessels
in this study is based on the analysis of their morphology (shape,
size, branching, and vessel wall thickness) and relative flow rate
(discernible in the real-time regimen of detection). Using these
criteria we focused on the vessels that corresponded to post-
capillary venules, because they 1) represent an important vascular
segment controlling both vascular permeability and white blood

cells transmigration, 2) experience flow conditions less severe than
arterial segment and therefore more permissive for following se-
lected objects (leukocytes, liposomes, etc.), and 3) are more vi-
sually informative than capillaries, less visible at the resolution and
magnification typical of the employed setup. For comparison,
additional images of postcapillary venules (size 15 to 35 μm) are
presented in SI Appendix, Fig. S4.
The same vessels were imaged after a second dose of anti-

VCAM/liposomes (20 mg/kg) 24 h later and 2 h after localized
injection of TNFα (Fig. 3, Right). In this case, the fluorescent
signal was stronger and more prolonged, but the pattern was similar,
outlining the vessel walls, consistent with endothelial localization.
IgG/liposomes yielded very faint, if discernible at all, fluorescent
signal from the cerebral vessels in both control and TNFα-
challenged mice. We believe that the fluorescent dye staining
detected in microvessels occurs due to the interaction of the

Fig. 2. SPECT imaging of immunoliposomes. Three-dimensional reconstructions (A) and average intensity projections (B) of SPECT (red) and CT (gray) signals
for intrastriatal TNFα-injured mice receiving IgG or anti–VCAM-1 functionalized liposomes (20 mg/kg) bearing 111In-DTPA (n = 3 per condition). Average
intensity projections (B) encompassed SPECT and CT signal in the mouse cranium. (C) After Renyi filtering for noise removal, raw SPECT signal intensity was
determined for a manually drawn field of view encompassing the cranial skull. Mean ± SD (n = 3 per group); **P < 0.01, t test. (D) Autoradiography images
generated by anti–VCAM-1 functionalized liposomes bearing 111In-DTPA in TNFα-injured brain sections. Arrows indicate the injected hemisphere, dashed lines
delineate the brain hemispheres, and asterisk indicates injection site.

Fig. 3. Intravital imaging of cerebrovascular immunoliposome distribution. Intravital microscopy was performed through a cranial window and used to
demonstrate real-time localization of fluorescent VCAM-1 targeted (bottom two rows, two independent animals) vs. IgG control (top two rows, two in-
dependent animals) liposomes (green; 20 mg/kg). Merged images also show circulating leukocytes (red) labeled via i.v. injection of rhodamine dye. Left-hand
panels show baseline images and accumulation of liposomes 10 min, 2 h, and 4 h after administration in naïve mice (24 h prior to TNFα). Right-hand panels
show the same three time points after administration of liposomes 2 h after TNFα injection in the same mice. Liposome uptake increases after TNFα injection,
but localization remains predominantly at the vessel margin, despite a massive influx of circulating leukocytes.
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liposomes with ECs. According to Jessen et al. (32), any solute
that reaches the perivascular spaces is rapidly cleared out by the
normal influx created by the arterial pulsations and is then driven
deep into the parenchyma to be effluxed into the interstitial
fluid. Indeed, our analysis at baseline clearly shows that there is
no accumulation of fluorescence outside vessels.
Leukocytes were abundant in images of the post-TNFα-

challenged cerebral vasculature (red color in the right images),
yet relatively little colocalization was observed with anti-VCAM/
liposomes. Indeed, by 4 h after liposome injection (6 h after
TNFα infusion) there was essentially no new influx of rhodamine-
labeled leukocytes, but the green fluorescent signal persisted in
what appeared to be the brain endothelium.

Anti-VCAM and Anti-VCAM/liposomes Are Targeted Predominantly to
Endothelial Cells in the Cerebral Vasculature. VCAM-1 is generally
considered to be a more specific surface marker of activated ECs
than ICAM-1, which is constitutively expressed and further up-
regulated during pathology in many cell types (ECs, leukocytes,
macrophages, and lymphocytes). Yet, studies that would directly
attribute localization of VCAM-1 targeted agents to cell types
in vivo are lacking.
Fluorescently labeled antibodies (0.2 mg/kg) or liposomes

(20 mg/kg) were injected in control and TNFα-challenged mice
and analyzed by flow cytometry in order to assess the cellular dis-
tribution of VCAM-1 targeted agents in the cell suspension obtained
from brain homogenates. Cells were costained for CD31 and
CD45 to identify target cells types: ECs (CD31+/CD45neg), leu-
kocytes (CD45Hi), and microglial cells (CD45Mid) (33). Double-
negative cells, which stained for neither CD31 nor CD45, were not
further subtyped. The relative percentage of each cell type was
fairly consistent within each experimental group (i.e., control or
TNFα−injected animals) but varied significantly between groups,
with a much larger percentage of the cells recovered identified
as leukocytes and microglial cells in the injured animals (Fig. 4
A and B).
Only a small percentage of ECs recovered from the brains of

control mice stained positive for injected anti-VCAM mono-
clonal antibody (mAb) (6.6 ± 1.1%, vs. 0.06 + 0.02% for IgG
isotype control, P < 0.001; SI Appendix, Fig. S2). In contrast, i.v.
injected anti-VCAM mAb stained more than half of ECs re-
covered from the brains of TNFα-injected animals (51.6 ± 1.6%,
vs. 0.1 + 0.04% for isotype control). The percentage of anti-
VCAM-positive ECs was significantly higher than any other cell
type: 10.3 ± 0.7% of leukocytes, 7.4 ± 1.8% of CD45Mid, and 3.1 ±
0.3% CD31−/CD45− double-negative cells (P < 0.001 for ECs vs.
all other cell types). The mean fluorescence intensity (MFI) on
VCAM-1 mAb-positive ECs was also significantly higher (50,620 ±
2,785 arbitrary fluorescence units) as compared to other cell
types (12,380 ± 403 for leukocytes, 11,542 ± 403 for CD45Mid

cells, and 9,252 ± 330 for double-negative cells, P < 0.001 for
ECs vs. all other cell types; SI Appendix, Fig. S2).
Similar results were seen for anti-VCAM/liposomes (Fig. 4 and

SI Appendix, Fig. S2). Again, only a small percentage of ECs re-
covered from naïve mice (4.9 ± 0.9%, vs. 0.6 ± 0.5% for IgG
control liposomes, P < 0.001) were found to be positive for anti-
VCAM liposomes, whereas more than half of the ECs from TNFα
injected animals were anti-VCAM liposome positive (56.3 ±
3.3% vs. 1.3 ± 1.2% for IgG liposomes, P < 0.001). The per-
centage of positive ECs in TNFα-injected animals was signifi-
cantly greater than leukocytes (16.4 ± 1.5%, P < 0.001), CD45Mid

cells (14.3 ± 3.9%, P < 0.001), and double-negative cells (2.5 ±
1.1%), and the MFI of anti-VCAM liposome-positive ECs was
higher than that of the other cell types (P < 0.001 vs. leukocytes,
CD45Mid, and double-negative). Interestingly, 6.9 ± 2.0% of
CD45Hi leukocytes were found to be positive for IgG liposomes
in TNFα-injected mice, as compared to only 1.3 ± 0.4% in naïve

mice (P = 0.02), indicating enhanced Fc-mediated uptake by
infiltrating immune cells (SI Appendix, Fig. S2).

VCAM-Targeted LNPs Carrying TM mRNA Reduce TNFα-Induced Acute
Brain Edema.Given the compelling results discussed above, namely
the high degree of specific targeting of VCAM-1–targeted agents
to inflamed cerebral ECs, we reasoned that this technology would
be particularly well-suited to the delivery of a therapeutic with
known activity in ECs. In particular, the endothelial surface gly-
coprotein TM is known to have critical roles in regulating co-
agulation, inflammation, and endothelial barrier function, and
multiple previous studies in our laboratory have demonstrated its
protective effects when targeted to the vascular endothelium (34,
35). Rather than anchor recombinant TM to the luminal mem-
brane of the brain endothelium, a delivery strategy appropriate for
noninternalizing surface targets (36), we utilized a method of
targeted gene delivery (LNP mRNA) to induce de novo expres-
sion of TM by VCAM-1 expressing cerebrovascular endothelium
(37, 38).
Before testing inducible TM expression, we studied the

biodistribution of anti-VCAM/LNP. Specific anti-VCAM/LNP
targeting to the inflamed brain resembled that of anti-VCAM/
liposomes (SI Appendix, Fig. S9). As shown in Fig. 5A, cerebral
uptake of radiolabeled anti-VCAM/LNP was >10-fold higher than
IgG/LNP in control mice and >70-fold greater in TNFα-challenged
mice (0.1 ± 0.0 vs. 1.1 ± 0.4 and 0.1 ± 0.0 vs. 7.6 ± 1.2). Likewise,
anti-VCAM/LNP containing luciferase mRNA induced an almost
fivefold higher level of the reporter signal in the brain of TNFα-
challenged mice vs. anti-ICAM/LNP and IgG/LNP (Fig. 5B,
dashed line represents IgG/LNP).
We next tested the expression of TM in brain following injec-

tion of anti-VCAM/LNPs loaded with TMmRNA (Fig. 5 C and D
and SI Appendix, Figs. S5 and S6). The TM transgene was tagged
such that expressed protein would have a triple-flag tag fused to
the cytoplasmic tail of the protein, allowing for straightforward
determination of de novo expression vs. endogenous endothelial
TM. Fig. 5C shows that mRNA loaded anti-VCAM/LNP, but not
anti-ICAM/LNP, induced brain expression of TM when injected
17 h after TNFα injury (Fig. 5C and SI Appendix, Fig. S5). To
compare LNP-induced TM expression in animals treated with
TNF vs. control mice, we also traced appearance of accessible TM
protein using i.v. injected radiolabeled anti-TM mAB (Fig. 5D).
TM antibody uptake in the brain was quantified in naïve mice,
TNF-injured mice, and TNF-injured mice after administration
of VCAM-targeted LNPs bearing TM-encoding mRNA. Brain
uptake of TM antibody did not differ between naïve mice and
TNF-injured mice, but VCAM-targeted LNPs induced signifi-
cantly higher levels of TM antibody accumulation in the brain
vasculature.
Among other pathological changes typical of cerebral inflam-

mation, TNFα insult also induces brain edema, which we measured
by the tissue level of 125I[albumin] leakage from blood (Fig. 6A).
This quantitative readout of vascular permeability rose four times
in TNFα-challenged animals relative to naïve controls (0.29 ±
0.08 vs. 1.17 ± 0.23, phosphate-buffered saline [PBS]-injected vs.
TNFα-injected animals) and remained unresolved for at least
2 d (SI Appendix, Fig. S3). We also tested the effect of sham
operation on brain edema, as measured by the accumulation of ra-
diolabeled albumin in the brain. Although leakage of untargeted IgG
is not observed in these animals, the sham group does have signif-
icantly higher extravascular accumulation of radiolabeled albu-
min as compared to naïve mice (0.60 ± 0.15 for sham vs. 0.29 ±
0.08, P < 0.001). These data are shown in Fig. 6A and used as
comparators to calculate the percent of protection afforded by the
LNP-TM therapeutic in Fig. 6B. In a double-blinded study, anti-
VCAM/LNP-TM mRNA injected 17 h after TNFα significantly
(P < 0.001) alleviated vascular leakage in the brain by 83.9 ±
10.1%, but vascular leakage was not significantly reduced by
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identically administered untargeted counterpart LNP-TM mRNA
(Fig. 6B). Importantly, the administration of different therapeutic
mRNA (catalase and superoxide dismutase) failed to prevent al-
bumin leakage (SI Appendix, Fig. S7).

Discussion
For decades the field of targeted drug delivery has tried to cross
the BBB. Here we have refocused instead on targeting thera-
peutics to reside in the BBB and enhance the BBB’s barrier
function. Early BBB permeability has been identified as a key
therapeutic target in a variety of brain injuries (20, 39). The idea
of targeted therapeutic interventions restoring BBB functions,

proposed in this paper, is based on the current understanding of
the mechanisms and pathological consequences of abnormally
elevated permeability of the BBB caused by several common
pathological processes including stroke, traumatic brain injury,
and infectious diseases. In these pathologies, components of blood
normally excluded from the brain parenchyma get access to its
constituencies. These processes, manifested as accumulation of
plasma proteins and blood cells in the brain (Figs. 4 and 6), are not
innocuous. For example, extravasation of plasminogen activators
leads to proteolysis in the tissue and proteolysis-bypassing direct
and indirect proinflammatory signaling such as via interaction of
regulatory domains of tPA and urokinase with cognate receptors

Fig. 4. Flow cytometric analysis of cell types involved in immunoliposome uptake. Flow cytometry was performed on disaggregated brains following in-
jection of anti–VCAM-1 or IgG control immunoliposomes (20 mg/kg). CD31 and CD45 staining were used to identify four distinct cell populations: endothelial
(CD45−CD31+), microglia/macrophages (CD45Mid), leukocytes (CD45Hi), and double-negative (CD45−CD31−) cells. Representative two-dimensional plots from
naïve (A) and TNFα-injured mice (B) show identification of each cell type (Left), and histograms of far red staining, representing anti-VCAM antibody or IgG
control positivity (Middle) or anti-VCAM liposome or IgG-liposome positivity (Right) in the EC gate. A minimum of 2 × 103 ECs was counted for all brains. (C)
The percentage of liposome-positive ECs and leukocytes in control and TNFα-injured mice (Left) and the MFI of each cell type (Right) are summarized. While
only a small percentage of ECs stain positive for anti-VCAM liposomes in control mice, more than half of recovered ECs are liposome-positive in TNFα-injured
mice (*P < 0.001). A similar pattern is seen for the MFI, which is significantly higher in TNFα-injected vs. control mice (**P < 0.001). Each bar represents n = 3
mice with mean ± SD shown, and brains were collected 30 min after injection.
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on glial and neuronal cells (40). Red blood cells entering the CNS
parenchyma are a source of free hemoglobin, a very damaging
prooxidative agent in the tissue. Also, excessive extravasation of

host defense cells leads to tissue injury via multiple pathways. In
theory, stabilization of the BBB may be substantially beneficial in
these cases. Interventions alleviating the BBB dysfunction have

A B

C
D

Fig. 5. Targeted LNPs accumulate in the brain and induce TM expression via mRNA delivery. (A) Ipsilateral brain uptake at 30 min after injection of
125I-labeled anti–VCAM-1- and control IgG-LNPs (8 μg of mRNA) in healthy and intrastriatal TNFα-injured mice. Tissue uptake is indicated as mean ± SEM (n =
3); tissue uptake of anti–VCAM-1-LNP was compared to IgG counterpart in both naïve and TNFα-treated mice (***P < 0.001, one-way ANOVA, Bonferroni post
hoc). Anti–VCAM-1-LNP uptake was also compared in TNFα-treated mice vs. naïve mice (###P < 0.001, one-way ANOVA, Bonferroni post hoc). Firefly luciferase
expression (B) was measured in the ipsilateral hemisphere at 5 h after i.v. administration of anti–VCAM-1 and anti–ICAM-1-LNP-fLuc mRNAs in TNFα-injured
mice (dashed line indicates firefly luciferase luminescence induced by IgG-LNP-fLuc mRNA). Luciferase transfection activity of anti–VCAM-1-LNP was compared
to anti–ICAM-1-LNP (***P < 0.001, one-way ANOVA, Bonferroni post hoc). (C) Western blot for brain homogenates (10 μg total protein per lane) with staining
for FLAG, TM, and α-actin. TNFα-injured mice (n = 4) were treated with anti–VCAM-1 (i.v. injected) and anti–ICAM-1 (administered via internal carotid artery)
targeted LNPs bearing mRNA encoding for TM-FLAG (LNP-TM) 4.5 h after LNP treatment. (D) Normalized brain uptake (%ID/g in TNF-injured brain −%ID/g in
naïve brain) of mAB against TM (5 μg of clone 411) 30 min after injection in TNF-injured animals (17 h after injury and 4.5 h after treatment with saline
(Untreated) or VCAM/LNP-TM) (mean + SD; n = 4, t test: ***P < 0.001).

Fig. 6. Brain edema: extravascular radiolabeled albumin accumulation in the brain. (A) Assessment of brain edema using albumin leakage assay. Radiola-
beled albumin was injected 21 h after unilateral striatal injection of TNFα (0.5 μg) and allowed to circulate for 4 h. The ratio between extravasated and
bloodstream radiolabeled albumin was determined as counts per minute per gram of brain:counts per minute per gram of blood. Treatment with TNFα (n =
14) significantly increased albumin leakage in the ipsilateral hemisphere (***P < 0.001 in sham ipsilateral vs. TNF ipsilateral and ###P < 0.001 contralateral vs.
ipsilateral in TNF injured and P < 0.001 TNF ipsilateral vs. naïve animals [n = 6], one-way ANOVA, Bonferroni post hoc). Data shown as mean ± SEM. (B) Sham
normalized ablumin leakage, considering a 100% leakage as the value calculated for the ipsilateral hemisphere in PBS-treated animals and 0% leakage as the
value calculated for the contralateral or ipsilateral hemisphere of the sham-operated animals. Treatment with anti–VCAM-1-targeted LNP-TM (n = 6) sig-
nificantly reduced albumin leakage in ipsilateral hemisphere compared to nontargeted LNP-TM– (n = 5) and PBS vehicle- (n = 8) treated animals (***P < 0.001
vs. vehicle, one-way ANOVA, Bonferroni post hoc). Data shown as mean ± SEM.
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the ability to both prevent parenchymal injury and improve long-
term functional outcome (41).
The protective effect of anti-VCAM/LNP carrying TM mRNA

on brain edema is not unexpected, given the wealth of knowledge
regarding the critical role of TM in maintaining barrier function
(42, 43). We have documented antiedematous and antiin-
flammatory effects of pharmacologic augmentation of the endo-
thelial protein C pathway targeted using ICAM-1 and PECAM-1
ligands to the pulmonary vasculature (34, 41, 44).
One reason that enhancing the BBB may have been under-

studied is that prior to the present study there were no good
methods of targeting the BBB itself. We and others have devised
technologies for targeted drug delivery to the endothelium (1, 34,
45–53). Constitutive endothelial surface markers, like PECAM-1,
ubiquitously expressed at millions of copies per cell throughout
the vasculature (46, 52), are attractive targets in systemic insults
(e.g., sepsis). However, selective delivery to afflicted neurovascular
units is preferable for treatment of localized CNS insults. Induc-
ible cell-adhesion molecules, such as VCAM-1, which has been
used as a marker of vascular inflammation in neurodegenerative
diseases (26), stroke (27), encephalitis (54), and meningitis (55),
represent more natural candidate targets for these applications.
Inducible cerebrovascular cell-adhesion molecules have been

targeted as a therapeutic strategy in human CNS pathology.
These studies focused on inhibition of leukocyte adhesion, rather
than delivery of a therapeutic payload. For example, a murine an-
tibody to human ICAM-1 (enlimomab), showing significant pro-
tective effects in animal studies, was tested in over 500 patients
with ischemic stroke (56). The treatment was associated with
toxicity and worsened clinical outcome, but subsequent studies
have revealed that the adverse events in this trial were the result of
complement activation by the murine IgG, rather than effect of
binding to the target molecule, ICAM-1, that is expressed at high
surface density in normal endothelium and further up-regulated in
pathology (57, 58).
In contrast, VCAM-1 is expressed very selectively, although at

relatively low levels, by abnormal endothelium (59). Accordingly,
it is studied extensively as a candidate target for imaging appli-
cations, primarily for detection of vascular pathologies using
positron emission tomography, SPECT, MRI, and optical and
other imaging modalities (26–28, 60–62).
In particular, several studies proposed that VCAM-1

up-regulation in BBB endothelium may serve as an indicator of
brain inflammation/endothelial activation, using VCAM-1 anti-
bodies (multiple clones for mice and rats) as a way to target the
inflamed brain for delivery of imaging probes. Our data showing
accumulation of VCAM-targeted drug carrier formulations in the
inflamed brain agree with the previous literature on VCAM tar-
geting in inflammation. Notable previous work has shown that
imaging probes conjugated to VCAM antibody clones including
MK2.7, A429, and MR106 target the inflamed brain in diverse
animal species (25–28). Taken together, our data and the litera-
ture indicate that the targeted drug delivery to the injured brain
reported in the present study is due to VCAM-1 up-regulation in
the BBB endothelium and may be achieved with different anti-
VCAM clones. Liu et al. (25) used both MRI and fluorescence
microscopy as a readout to show that liposomes presenting a
VCAM-1 antibody will increase specificity to brain endothelium
after ischemia (in a rat model of middle cerebral artery occlusion).
Montagne et al. (26) also used both MRI and fluorescence mi-
croscopy and demonstrated that VCAM-1 antibodies conjugated
to a contrast agent can be used as an imaging approach to identify
brain inflammation (reasoning that VCAM-1 expression is an
endothelial biomarker for activation). In this study, the TNFα
inflammation induction model was used in mice. The same group
[Gauberti et al. (27)] repeated this approach in ischemic and
hemorrhagic strokes. Finally, Patel et al. (28) also used the TNFα

inflammation induction model, showing VCAM-1 antibody could
provide injury-specific contrast in MRI and SPECT imaging.
The present work, however, is clearly distinct from these stud-

ies. In previous diagnostic imaging pursued by our predecessors,
the primary priority was to achieve a discernible local signal typical
of a pathological process, helping to identify the disease. In con-
trast, the key priorities in drug delivery pursued in our study in-
clude ratio of uptake in the target organ to that in other organs
(e.g., brain to liver), the kinetics of drug delivery and postdelivery
fate/activity of the pharmacological cargo (controlled by its release
or/and interaction in the target), cellular and subcellular locali-
zation, the dose of drug delivered, and amplitude and duration of
its effect. It might seem logical in retrospect that targeted drug
delivery to VCAM-1—a selective yet scarce target—afforded no
improvement in treatment of acute vascular inflammation in an-
imal studies (63). Therefore, VCAM-1 targeted cerebrovascular
pharmacological intervention documented in the present study
represents the important outcome advancing the field of drug
delivery to the brain.
In experiments aimed at real-time imaging of VCAM-targeted

nanocarriers and leukocytes in the brain microvasculature using
intracranial window microscopy, fluorescent signal must be mon-
itored from a relatively shallow depth in the brain, due to its
limited penetration of the tissues. Accordingly, in this experi-
mental setting we administered TNFα via a subarachnoid catheter,
in order to collect maximal signal from the affected area of the
brain. This consideration also explains the differences in time in-
terval used in each experimental setup. In each case, the time from
TNFα challenge to outcome was chosen to achieve optimal con-
ditions. In particular, a shorter period (2 to 6 h) after subarach-
noid injection of TNFα was found to be optimal for visualization
studies, as compared to 20 to 24 h after intrastriatal injection,
which was found to be optimal for radiotracing studies.
These differences must be taken into consideration as a note

that data of isotope tracing, fluorescent microscopy imaging, and
protection studies are not fully and uniformly compatible. How-
ever, the goals and readouts of these settings are also different.
Isotope tracing provides quantitative objective data of targeting
and tissue uptake of the carriers in the brain with readouts fully
compatible with other organs and studies, that is, percent of in-
jected dose per organ or per gram of the organ (64). In contrast,
fluorescent microscopy studies reveal the dynamics and localiza-
tion of the particles and leukocytes in the brain microvasculature
at micrometer-scale resolution. It is worth noting that each of
these series unequivocally confirmed that VCAM-1 directed vas-
cular immunotargeting to the brain vasculature is effective, spe-
cific, takes place in the brain microvasculature, and provides
tangible benefits in acute brain inflammation.
The off-rate of these targeted agents represents an important

topic. More precise and systematic kinetic studies are warranted
to understand the dynamics of accumulation in the brain (and in
other tissues), as well as dynamics of development of the effect
for the agents that require additional time after delivery, such as
some biologicals (nucleic acids, etc.). Most likely these dynamical
factors will be different for specific pathological processes and
formulations. For example, kinetics of delivery may be different
in ischemic conditions. Further, cellular uptake and processing
kinetics may differ between multivalent VCAM-targeted carriers
and antibodies or monovalent fusions.
We have initiated pilot studies to characterize the off-rate

and the duration of therapeutic effect for several formulations of
targeted TM, in cell cultures and in mice. Our preliminary data
indicate that, indeed, the dynamics of the effect is formulation-
specific: TM directly conjugated with antibodies exerts effects al-
most immediately after injection and lasts for few hours, while
effects of TM RNA delivered by antibody-LNP develops more
slowly, reach a maximum at about 5 h after administration, and
last for several days. We believe that these important and
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expensive experiments deserve separate systematic studies in
the near future. It is also tempting to think that these targeted
interventions might optimize treatment of chronic diseases such as
multiple sclerosis. However, at this early phase of VCAM-1 tar-
geted drug delivery it seems more prudent and feasible to focus on
proof of concept in acute settings, generally more amenable to use
of targeted nanocarriers than chronic conditions.
Prior to the present study, these considerations lacked the

solid basis of quantitative biodistribution data. Our systematic study
in naïve mice and mice with acute brain inflammation yielded a
most unexpected result: Targeting to VCAM affords not only
exceptional selectivity but also sufficient capacity and cellular lo-
calization of drug delivery for therapeutic intervention stabilizing
the leaky BBB in acute brain inflammation.
The differences in the brain targeting between different li-

gands (e.g., ICAM-1 vs. VCAM-1) most likely reflect differences
in the exposure of these molecules in the luminal surface of the
ECs rather than level of expression in the tissue. There may be
a direct and even strong correlation between these two pa-
rameters in some cases, but numerous studies indicate that in a
majority of vascular immunotargeting strategies accessibility to
the targeted carriers circulating in the bloodstream is a more
important parameter than tissue level of the target molecule
(52, 65, 66).
In some key aspects, indeed, VCAM-1 and ICAM-1 have op-

posite targeting features. Uptake of anti-ICAM and anti-ICAM/
agents in lungs exceeds that of anti-VCAM counterparts by orders
of magnitude. In contrast, uptake in the inflamed brain of anti-
VCAM formulations exceeds that of anti-ICAM counterparts by a
similar margin. Interestingly, both VCAM-1 and ICAM-1 targeted
agents show a similar increase in brain uptake when comparing
control and injured animals, indicating that the superior cere-
brovascular selectivity of VCAM-1 persists even in the presence of
a significant increase in the expression and/or accessibility of both
antigens. At the same time, vascular bed specificity is clearly not
the only relevant consideration in targeting inflamed cerebral
vasculature, as our results show clear superiority of anti–VCAM-1
over anti-TfR1 in this regard (SI Appendix, Table S1). To prove
the therapeutic potential of VCAM-1 targeted LNPs, we used
mRNA encoding for TM as a representative biomolecule that
possesses anticoagulant and antiinflammatory functions. The find-
ings raise a number of intriguing questions and avenues for future
investigation.
Endogenous TM is thought to be nearly absent from the ce-

rebral vasculature (67), and its functions following “artificial”
introduction in this unusual environment will require further
studies. Likewise, the fate of VCAM-1 targeted nanoparticles
following binding to target antigen on activated brain ECs needs
to be understood. Uptake of anti–VCAM-1 immunoliposomes
has been studied in cultured ECs and reported to occur via

clathrin-mediated endocytosis (68), a pathway which would likely
favor efficacy of anti-VCAM/LNP, but internalization and
transport in vivo may be distinct or more complex. Likewise,
carrier features such as size, shape, charge, and elasticity are
likely to have significant impact on these processes (65, 66, 69). It
is tempting to think that diverse drug delivery systems targeted
to VCAM-1 will exert a distinct spectrum of these features.
Alternative strategies such as adeno-associated virus with speci-
ficity to the BBB (70), brain shuttles [TfR, insulin receptor, glu-
cose receptors, and LRP receptors (9, 12, 13, 71)], and TAT
peptides (72) have been used to protect against the ischemia
reperfusion injury, showing improvement of the BBB integrity in
some cases.
In summary, this study opens multiple avenues for inves-

tigation of delivery, mechanism, and effects of a series of phar-
macological agents targeted to the brain. Local and migrant
constituents of CNS pathologies are immensely diverse, complex,
and variable. Effective treatment of these pathologies cannot be
afforded by a single drug delivery system, tested in any one an-
imal model. For example, TNF injection in the striatum used in
this study causes more widespread cerebral abnormalities than
some alternative animal models, which have a more focal injury.
Nearly complete normalization of this brain pathology attained
by VCAM-targeted LNP/RNA encoding for TM implies that
VCAM-1 targeting might find medical and investigational utility
for site-specific pharmacological interventions in the inflamed
brain.

Materials and Methods
Animal studies were carried out in accordance with the Guide for the Care
and Use of Laboratory Animals (73) under protocols approved by University
of Pennsylvania and Temple University Institutional Animal Care and Use
Committees. Reagents, hybridomas, cell lines, modification of antibodies,
preparation of immunoliposomes, radiolabeling of antibodies and immunoli-
posomes, immunoreactivity assays, intrastriatal TNFα model, radiotracing, au-
toradiography animal model of brain edema, brain disaggregation, flow
cytometry and Western blot, targeted LNPs containing mRNA, bio-
distribution and luciferase transfection of targeted LNPs in vivo, TNFα model
and intravital microscopy, and SPECT/CT imaging are described in SI Appendix,
Materials and Methods.

Data Availability. All methods, protocols, reagents, and used sequences are
described in detail in SI Appendix.
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