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A novel molecular magnetic resonance
imaging agent targeting activated
leukocyte cell adhesion molecule as
demonstrated in mouse brain metastasis
models
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Abstract

Molecular magnetic resonance imaging (MRI) allows visualization of biological processes at the molecular level.

Upregulation of endothelial ALCAM (activated leukocyte cell adhesion molecule) is a key element for leukocyte recruit-

ment in neurological disease. The aim of this study, therefore, was to develop a novel molecular MRI contrast agent, by

conjugating anti-ALCAM antibodies to microparticles of iron oxide (MPIO), for detection of endothelial ALCAM

expression in vivo. Binding specificity of ALCAM-MPIO was demonstrated in vitro under static and flow conditions.

Subsequently, in a proof-of-concept study, mouse models of brain metastasis were induced by intracardial injection of

brain-tropic human breast carcinoma, lung adenocarcinoma or melanoma cells to upregulate endothelial ALCAM. At

selected time-points, mice were injected intravenously with ALCAM-MPIO, and ALCAM-MPIO induced hypointensities

were observed on T2*-weighted images in all three models. Post-gadolinium MRI confirmed an intact blood-brain

barrier, indicating endoluminal binding. Correlation between endothelial ALCAM expression and ALCAM-MPIO binding

was confirmed histologically. Statistical analysis indicated high sensitivity (80–90%) and specificity (79–83%) for detection

of endothelial ALCAM in vivo with ALCAM-MPIO. Given reports of endothelial ALCAM upregulation in numerous

neurological diseases, this advance in our ability to image ALCAM in vivo may yield substantial improvements for both

diagnosis and targeted therapy.
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Introduction

Immune activation and inflammation within the brain

is a classical feature of a spectrum of acute and chronic

neurological diseases, including ischemia, immune-

mediated disorders (e.g. multiple sclerosis), neurode-

generative diseases (e.g. Alzheimer’s and Parkinson’s

diseases), infection, trauma and cancer.1 As part of

the inflammatory response, expression of cell adhesion

molecules (CAMs) on the cerebrovascular endothelium
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is upregulated, and these mediate recruitment of
immune cells to the inflammatory foci. Different
CAMs mediate each step, and the correct molecules
must interact within a short period of time for success-
ful leukocyte recruitment.2

Advances in science and technology in the last few
decades have allowed identification of CAMs that can
provide important information about the molecular
and cellular processes involved in various stages of neu-
roinflammation. These biomarkers, which are
expressed at an abnormal level during disease progres-
sion, can be useful both for initial diagnosis and to shed
light on prognosis. We have previously demonstrated
that endoluminal CAMs yield an accessible ‘tag’ for
targeted molecular imaging agents to bind to without
the need to cross the BBB, and such agents have been
developed extensively in experimental models of dis-
eases with a neuro-inflammatory component.3,4

Vascular cell adhesion molecule 1 (VCAM-1), induc-
ible cell adhesion molecule 1 (ICAM-1), and P-selectin
have been the most popular inflammation biomarkers
in animal models of neurological disease to date,
including models of stroke, Alzheimer’s disease and
multiple sclerosis.5–10 These inflammatory markers
have the advantage of being selectively expressed on
the lumen of vessels, allowing molecularly targeted
microparticles of iron oxide (MPIO) to adhere to the
site of upregulation without the need to cross the BBB.
Moreover, antibody conjugated MPIO have been
shown to provide a combination of high payload of
contrast, combined with rapid blood clearance
(1.2min), resulting in a high degree of specificity and
sensitivity for target detection in vivo.11

Activated leukocyte cell adhesion molecule
(ALCAM, CD166), another member of CAMs
family, has been shown to specifically localise at the
intercellular junctions between endothelial cells, and
is thought to play a pivotal role in the machinery of
diapedesis and extravasation of T cells.12 Although
early studies of ALCAM date back some 20 years, it
is only recently that attention has focused on the role of
endothelial ALCAM in leukocyte trafficking in
response to neurological diseases such as multiple scle-
rosis (MS).13–15 In particular, a very recent study by
Michel et al, provides evidence for ALCAM involve-
ment in B cell migration into the central nervous
system.16 Further, ALCAM has been suggested to
play a role in the integrity of the blood-brain barrier
(BBB), with ALCAM knockout (KO) mice developing
severe experimental autoimmune encephalomyelitis
(EAE) owing to increased permeability of the BBB.15

Very recently, we and others have demonstrated that
ALCAM is specifically and selectively upregulated on
cerebral vessels that are closely associated with both
breast cancer brain metastases17 and lung cancer

brain metastases,18 and that inhibiting tumour-
endothelial ALCAM interactions reduces tumour seed-
ing to the brain. It is becoming clear, therefore, that
ALCAM is a key component of the inflammatory
response in the brain and, importantly, in the recruit-
ment of leukocytes to sites of disease and injury.

On the basis of these studies, highlighting ALCAM
as a potential vascular target in multiple neurological
diseases, we hypothesised that ALCAM might provide
a new and sensitive target for both identifying early
neurological disease and enabling stratification of
patients to specific treatments. In this work, therefore,
we have developed, validated and implemented a novel
molecular MRI contrast agent using MPIO conjugated
with anti-ALCAM antibodies. Binding efficacy of this
novel ALCAM targeted agent (ALCAM-MPIO) was
validated firstly in vitro and, secondly, in vivo, using
three different models of brain metastasis for this
proof-of-concept study.

MATERIALS and METHODS

ALCAM-MPIO synthesis

Three different primary antibodies against mouse
ALCAM were evaluated: (1) R&D systems, (cat. no.
MAB1172), (2) LifeSpan Biosciences, Inc. (cat. no. LS-
C292613), and (3) eBioscienceTM Fisher Scientific (cat.
no. 1401661-82). To construct ALCAM-MPIO, anti-
bodies were conjugated to ProMagTM carboxylic
MPIO (0.76 lm diameter, 2.114 x 109 particles/mg
bead, iron content: 26%; cat. no. PMC1N, Bangs
Laboratory Inc., USA), as described previously.11 As
a control, MPIO were conjugated with rat anti-mouse
IgG1 antibody, (low endotoxin/azide-free, cat. no.
0116-14; Cambridge Bioscience). The number of anti-
bodies (ALCAM or IgG) loaded on the MPIO was
measured using a BD FACS-Calibur flow cytometer,
on channel FL4 (661/16 nm band pass filter), as
described previously.11,19 Antibody loading was deter-
mined against a standard calibration curve using
Quantum Alexa Fluor 647 MESF (Bangs Laboratory
Inc., USA).

ALCAM-MPIO binding in vitro under static and flow
conditions

First, mouse endothelial (sEnd-1) and human brain
endothelial cells (hCMEC/D3) were treated with IL-
Interleukin 1 beta (IL-1b; Pepro EC, UK) or tumor
necrosis factor (TNF; Peprotech EC, UK) for
20 hours (10 ng/ml and 50 ng/ml) to assess ALCAM
upregulation in response to the inflammatory stimuli
(Supplementary Methods). Next, ALCAM-MPIO
binding was assessed under static conditions to sEnd-
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1 cells stimulated with TNF, as described in

Supplementary Methods. Cells were subsequently

immunostained for ALCAM, and MPIO stained with

an appropriate Texas Red antibody (Supplementary

Methods). Fluorescent images were taken using a

Leica SP8 (Germany) and the percentage of co-

localized red (MPIO) and green (ALCAM) pixels

were calculated for each field-of-view (FoV). The
ALCAM antibody showing the highest MPIO loading

and static binding was chosen for the subsequent in

vitro flow experiment and in vivo study. Specific binding

of fluorescently labeled ALCAM/IgG-MPIO was

assessed under flow conditions in glass capillaries

coated with recombinant mouse ALCAM protein or

as a control condition with bovine serum albumin

(BSA) (Supplementary Methods). Images were

acquired across 10 separate FoV along the capillaries

using X40 magnification and the FITC channel, and

the number of bound ALCAM- or IgG-MPIO per

FoV were counted.

Tumor cells

For the proof-of-principle in vivo imaging of ALCAM,

three mouse models of brain metastasis were studied in

which three brain tropic human-derived tumor cell

lines were used, as described previously:20 (i) breast

carcinoma MDA231Br-GFP cells (kind gift from Dr.

P. Steeg, USA); (ii) melanoma H1_DL2 cells (kind gift

from Prof. F. Thorsen, Norway); and (iii) lung adeno-

carcinoma SEBTA-001 cells (kind gift from Prof. G.

Pilkington, UK). Details of cell culture can be found

in Supplementary Methods.

Mouse brain metastasis models

All animal experiments were approved by the

University of Oxford Clinical Medicine Ethics Review

Committee and the UK Home Office (Animals

[Scientific Procedures] Act 1986), and conducted in

accordance with the University of Oxford Policy on

the Use of Animals in Scientific Research, the

ARRIVE Guidelines and Guidelines for the Welfare

and Use of Animals in Cancer Research.21 Female

SCID mice (7–8weeks; Charles River, Kent, UK)
were anaesthetised with 2–3% (vol/vol) isoflurane in

oxygen and injected via the left cardiac ventricle

under ultrasound guidance (Vevo 3100 Imaging

System; Fujifilm VisualSonics) with 1� 105 tumor

cells in 100 ml of sterile phosphate buffered saline

(PBS).17,20,22 To assess ALCAM upregulation on

metastasis-associated vessels during micrometastatic

growth, mice (n¼ 4 per time-point) were perfused on

day 7, 14, 21 or 28 after tumor injection for the breast

cancer and melanoma brain metastasis models. Two

later time-points were assessed for the lung cancer
brain metastasis model, days 35 and 42, owing to the

slow doubling time and, hence, tumor growth rate of
the SEBTA-001 cell line.20,23 All mice were transcar-
dially perfusion-fixed under terminal anaesthesia,
using 0.9% heparinized saline followed by periodate-
lysine-paraformaldehyde (PLP) containing 0.1% glu-

taraldehyde (PLPlight).

Immunohistochemistry and immunofluorescence;
mouse tissue

ALCAM upregulation was assessed immunohisto-
chemically on mouse brain sections as described in
Supplementary Methods. Histological slides were digi-

tally scanned on an Aperio Brightfield scanner (Leica
Biosystems) at X20 magnification and analyzed using
Imagescope (Leica Biosystems) software. Over 30
tumor sections were analyzed for each model at each
time-point. Naı̈ve mouse brain was also stained for

ALCAM to assess background levels of this marker.
The presence of ALCAM on cerebral vessels was
assessed by immunofluorescent co-localization staining
of ALCAM and endothelial cells (CD31) (see

Supplementary Methods). Images were acquired using
an inverted confocal microscope (LSM-780; Carl Zeiss
Microimaging) and analyzed using Zen software (Carl
Zeiss). Co-localization analysis between ALCAM and

CD31 was performed using an in-house plugin for Fiji
open-source software, which measured the percentage
of overlapped area for the two markers above a user set
threshold for each signal.

In vivo brain imaging

To demonstrate efficacy of ALCAM-MPIO imaging in
vivo, days 21 and 28 after tumor cell injection were
chosen for the breast and melanoma brain metastasis

models, based on previous studies showing that these
tumors are still in the micrometastatic stage and that
the BBB is intact up to day 28.20,22 A single time-point,
day 42, was used for the lung brain metastasis model,

owing to the slower growth rate. On the day of imag-
ing, tumor-bearing mice were injected intravenously
with either ALCAM-MPIO or control IgG-MPIO
(4mg iron/Kg). Moreover, to confirm the specific bind-
ing of ALCAM-MPIO in tumour models, naı̈ve mice

(n¼ 2/group) were injected with either (i) untargeted
MPIO, (ii) IgG-MPIO or (iii) ALCAM-MPIO (all at
the same dose of 4mg iron/Kg body weight in 100 ml
PBS).

All MRI experiments were performed using a 7.0T
horizontal bore MRI spectrometer equipped with
DDR console running Agilent VnmrJ 4.2 software

(Agilent Technologies Inc., Santa Clara, USA). Mice
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were anaesthetized with 2–3% v/v isoflurane in a mix-

ture of 90% air:10% oxygen. All iron oxide contrast

agents were injected intravenously, via� 1m of tubing

(0.28mm ID, Smiths MedicalTM) attached to a butter-

fly cannula (30G insulin syringe) inserted into a tail

vein, whilst the mice were outside the magnetic field.

Mice were placed prone in a customised 3D printed

cradle, with the head fixed using cheek pads, and posi-

tioned inside a 26mm internal diameter transmit/

receive birdcage RF coil (Rapid Biomedical, Rimpar,

Germany). Anaesthesia was maintained throughout

MRI at 1.5–2% v/v isoflurane in 90% air:10%

oxygen, and respiration monitored via a pressure bal-

loon in contact with the chest. Core temperature was

monitored using an optical rectal temperature probe

and maintained at 37� 0.5 �C.24 The coil was posi-

tioned within the magnet and shimming performed

using a point resolved spectroscopy sequence

(PRESS), with an excitation voxel covering the mouse

brain. The zero and the first order shims were adjusted

manually until the spectral linewidth was 20–30Hz full

width at half maximum (FWHM). After a 30min warm

up scan to bring the gradient coils to constant temper-

ature, mice were imaged with a 3D T2*-weighted multi-

gradient echo (MGE3D) sequence11 (start of

scan¼ 40� 0.5min after MPIO injection): excitation

angle¼ 15�; repetition time (TR)¼ 48.8ms; time of

the 1st echo (TE1)¼ 4ms; echo separation time

(TE2)¼ 7ms; number of echoes¼ 6; SW¼ 50 kHz;

FoV¼ 22.5� 22.5� 22.5mm3; acquisition matrix¼
256� 192� 192 (images zero-filled to 256� 256� 256;

final isotropic resolution¼ 88 lm); single average

(NT¼ 1) and total acquisition time �30min. T2*-

weighted MGE3D images were reconstructed using a

home-built MATLAB (Mathworks) program based on

the square root of the sum of squares (SqrtSOS) of

individual echoes algorithm, as described previously.11

T1-weighted spin-echo datasets were also acquired pre-

and 5min post-gadolinium-DTPA injection (30ll i.v.;
Omniscan, GE Healthcare), to assess BBB permeabili-

ty: TR¼ 500ms; TE¼ 10ms; average¼ 1; FoV¼
22.5� 22.5mm2; acquisition matrix¼ 192� 192 (zero-

filled to 256� 256); slice thickness¼ 0.7mm; single

average (NT¼ 1) and total acquisition time �1.6min.

Image processing and analyses

All T2*-weighted images presented are SqrtSOS of all

echoes from the T2*weighted MGE3D datasets.

Cerebral structures for each T2*-weighted MGE3D

dataset were manually segmented using ITK-SNAP

(itksnap.org) 3D balloon force option.25 Subsequently,

automated image processing of segmented images were

performed using an in-house MATLAB code.20,22,26

The signal intensity of each individual voxel was

statistically compared with the intensity distribution

of all surrounding voxels within a 5 x 5 x 5 (voxel)

volume, to determine whether it was significantly

lower than the average local signal intensity. To seg-

ment true hypointense voxels arising from bound

MPIO, a threshold value was set at a fraction of the

local mean signal intensity (0.68 times less than the

mean value), as optimized and described previous-

ly.22,26 Below this threshold, voxels were designated

as MPIO-induced hypointensities. Natural hypoin-

tense signals from ventricles and sinuses were exclud-

ed by using an upper threshold limit of 20 contiguous

hypointense voxels (�20), and single voxel hypointen-

sities were excluded as noise. All datasets were ana-

lysed blind to the experimental cohort with regards to

the initial segmentation of the brain, and all subse-

quent analysis was automated and, thus, performed

blind.

MRI and histology co-registration

Every other histological section (10mm) through the

brain was stained for ALCAM, and tumours delineat-

ed manually using Imagescope software; day 21 for

MDA231Br-GFP and H1_DL2 models, and day 42

for the SEBTA-001 model. Subsequently, for each

MRI slice in the 3D dataset, five stained histological

sections were identified that spanned the thickness of

the MRI slice (�88 mm, accounting for 20% shrinkage

during perfusion-fixation and the gap between stained

sections), as shown in Supplemental Figure S1.

Tumour volume was calculated by adding the tumour

areas (mm2) on each stained histological section multi-

plied by slice thickness (10 mm), with linear interpola-

tion across the unstained alternate sections.
The anatomical location of each metastasis iden-

tified histologically was visually matched with hypo-

intensities on the MRI slices, using anatomical cues

to determine spatial correspondence. It should be

noted, that since the MPIO are known to induce a

contrast effect approximately 50x their diameter, it is

impossible to determine absolute spatial location of

an MPIO from its contrast effect. Indeed, where

more than one MPIO is bound, this absolute local-

isation is further confounded. Thus, close correspon-

dence of hypointensities and metastases relative to

anatomical markers was considered to indicate a

positive result. Spatial correlation between histology

and MRI was assessed blind by two independent

observers, and co-registration between metastases

and hypointensities only considered positive when

both observers agreed.
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Immunohistochemistry; human tissue

Expression of ALCAM was assessed in human brain

metastasis biopsies from breast, melanoma and lung

adenocarcinoma. All human samples were obtained

from the Oxford Brain Bank, licensed by the Human

Tissue Authority and operating under generic Research

Ethics Committee approval (Reference 15/SC/0639).

Paraffin-embedded human brain metastasis sections

were stained for ALCAM and CD34 (marker of endo-

thelial cells) using anti-human ALCAM and CD34

antibodies, as described in Supplementary Methods,

and counterstained with cresyl violet.

Statistical analysis

Statistical analyses were performed using Prism

(GraphPad Software, San Diego, CA, USA).

Parametric analyses of variance (ANOVA) was applied

after assessing normality of variables using the

Shapiro-Wilk test. Tukey post-hoc tests were con-

ducted to identify significant differences between

groups. All error bars are shown as mean� standard

deviation (SD).
Classification performance of ALCAM-MPIO MRI

for identifying metastases was assessed by manually

classifying each tumour as positive for endothelial

ALCAM histologically (�ALCAM), then identifying

the same location in the MRI, as described above

and confirming whether the tumour location had a vis-

ible hypointensity. These classification results were

used to construct 2x2 contingency tables where all

tumours were classified as �ALCAM histology and

�MRI hypointensity. From the 2� 2 tables, the fol-

lowing classification metrics were calculated: sensitivity

(the chance of a histologically ALCAM positive

tumour being identified by ALCAM-MRI), specificity

(the chance of an MRI negative tumour also being his-

tologically ALCAM negative), accuracy (the overall

chance of MRI classification matching histological

classification), prevalence (the overall chance of a

tumour being histologically ALCAM positive) and

positive predictive value (PPV, the chance of an

MRI-detected tumour being histologically ALCAM

positive). Fisher’s exact statistics was determined for

each table where

p¼ðTPþFPÞ!�ðFNþTNÞ!�ðTPþFNÞ!�ðFPþTNÞ!�
TP!�TN!�FP!�FN!�PðTP;FP;TN;FNÞ! :

TP¼ true positive, TN¼ true negative, FP¼ false pos-

itive, FN¼ false negative. This statistic gives the p

value for the probability that the given classification

did not arise randomly, i.e. a significant Fisher’s

exact test indicates that the classification is performing
significantly better than chance.

Results

Optimization and binding assessment of
ALCAM-MPIO conjugate

ALCAM immunocytochemistry showed upregulation
of this marker on both mouse and human endothelial
cell lines treated with IL-1b or TNF, at both doses
tested (10 ng/ml and 50 ng/ml) (Supplemental Figure
S2). Low expression of ALCAM was detected on
untreated endothelial cells, and no signal was detected
for the ALCAM negative control staining
(Supplemental Figure S2).

MPIO antibody loading and in vitro binding ability
were initially assessed for three commercially available
anti-mouse ALCAM antibodies (Supplemental Figure
S3). Antibody loading densities were calculated to be
23,657� 3,128 ALCAM (R&D systems), 17,735�
1,429 ALCAM (LSBio), 18,263� 5,181 ALCAM
(eBio) and 18,985� 4,230 IgG antibodies per MPIO
(mean� SD, n¼ 10 per group). These densities are
equivalent to 13,000, 9,700, 10,000 ALCAM (R&D sys-
tems, LSBio, and eBio, respectively) and 10,500 IgG
antibodies per mm2 surface of MPIO (diameter: 0.76mm).

Binding capacities of conjugates were first assessed
under static conditions. TNF stimulated sEnd-1 cells
showed marked ALCAM expression (Supplemental
Figure S3 and Figure 1), and the percentage of
MPIO (red) that co-localised with ALCAM (green)
for each FoV was quantified. The R&D antibody con-
jugate was found to have significantly higher (p<0.05)
binding to ALCAM on sEnd-1 cells than LSBio, eBio
and IgG antibody conjugates (Figure 1(a) to (c) and
Supplemental Figure S3(B) and (C)).

Based on the above results, all subsequent
experiments were carried out using the monoclonal rat
anti-mouse ALCAM antibody purchased from R&D
Systems. Binding to ALCAM-coated capillaries under
flow was significantly (p< 0.001) greater than either
IgG-MPIO, or ALCAM-MPIO binding to BSA-coated
capillaries (n¼ 10 FoV; Figure 1(d) to (g)). The sheer
stress induced by the flow of 20–25ml.min�1 in these
capillaries would be comparable to the shear stress expe-
rienced within arterioles in vivo.27

Assessment of ALCAM expression in breast,
melanoma and lung brain metastasis models

To assess the suitability of the three brain metastasis
models for proof-of-principle ALCAM-targeted imag-
ing in vivo, upregulation of ALCAM was first assessed
immunohistochemically. Brain metastases were detected
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histologically in all mice following successful intracardi-

ac tumor cell injection. In both MDA231Br-GFP and

H1_DL2 models, ALCAM expression was evident

from the earliest stages of tumor formation

(Supplemental Figure S4(A) and (B)). Similarly,

ALCAM expression was found in mice injected with

SEBTA-001 cells at both time-points studied

(Supplemental Figure S4(C)). No ALCAM expression

was found in naı̈ve mouse brain (Supplemental Figure

S4(D)), in accord with previously published data.17

Quantitation of ALCAM immunohistochemical stain-

ing showed an increase in the overall number of

ALCAM positive pixels, irrespective of cell origin

and cell type, with tumour progression. However,

when the number of ALCAM positive pixels was nor-

malized by tumor area (% ALCAMþ), consistent

(33–41%) expression was evident throughout the

time-course for all three brain metastasis models

(Supplemental Figure S4(E)).
Although the above analysis indicated upregulation

of ALCAM in all three models, the specific cellular

target for this study is endothelial ALCAM.

Therefore, to assess temporal expression of ALCAM

on vessels, co-localization of ALCAM and the

endothelial marker CD31 was assessed immunofluores-

cently (Figure 2(a) to (c)). Two subsets of vessels were

evaluated: (i) intra-tumoral vessels, in close association

with tumor cells; and (ii) peri-tumoral vessels, 20–

100 mm away from tumor cells. In the MDA231Br-

GFP model, a substantial percentage of intra-tumoral

vessels were positive for ALCAM (% ALCAMþ) and

this percentage increased significantly from day 7 to 21

(p< 0.01; Figure 2(d)). As the H1_DL2 metastases

grow slower than the MDA231Br-GFP metastases

and only a few tumors were detectable at day 7,

ALCAM/CD31 co-localization was assessed from day

14 in this model. In H1_DL2 model, intra-tumoral ves-

sels showed elevated and stable ALCAM expression

across the time-course, with no significant differences

between time-points (Figure 2(e)). A similar pattern

was observed in the SEBTA-001 model (Figure 2(f)),

with ALCAM positive intra-tumoral vessels at both

days 35 and day 42 after tumor cell injection. As for

the ALCAM expression on peri-tumoral vessels, only

MDA231Br-GFP showed a significant increase at days

21 and 28 post tumour injection (p< 0.05; Figure 2(g)).

No significant difference was found in ALCAM expres-

sion on peri-tumoral vessels at any time-point

Figure 1. ALCAM-MPIO construct and its binding ability in vitro. (a–c) Immunofluorescent images showing binding of R&DALCAM-
MPIO (red box) (a) or IgG-MPIO (green box) (b) on TNF stimulated mouse endothelial cells; red¼MPIO, green¼ALCAM and
blue¼DAPI. Scale bars¼ 10 mm. (c) Graph showing percentage of co-localized red (MPIO) and green (ALCAM) pixels for each FoV;
R&D ALCAM-MPIO showed significantly higher binding to endothelial cell ALCAM than IgG-MPIO; ***p<0.001. (d–g) Fluorescently
labelled ALCAM-MPIO (d) or IgG-MPIO (e) were pumped through glass capillaries coated with ALCAM protein, or ALCAM-MPIO
were pumped through glass capillaries coated with control BSA protein (f). Only binding of ALCAM-MPIO to ALCAM coated
capillaries was evident (d). (g) Graph showing number of ALCAM- or IgG-MPIO bound to the capillary wall; ALCAM-MPIO binding to
ALCAM coated capillaries was significantly higher than either IgG-MPIO in ALCAM coated capillaries or ALCAM-MPIO in BSA coated
capillaries. ****p<0.0001.
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compared to baseline levels for H1_DL2 and SEBTA-

001 models (Figure 2(h) and (i)). Thus, this immuno-

fluorescent co-localization analysis indicates that as

tumours grow, the absolute number of ALCAM posi-

tive vessels increases, since the total number of intra-

tumoral vessels increases with tumour growth, and to

an even greater degree in the breast cancer brain metas-

tases model.

In vivo detection of breast, melanoma and lung brain

micrometastases using ALCAM-MPIO

Negligible hypointense foci were detected in control

naı̈ve mice injected with MPIO, IgG-MPIO or

ALCAM-MPIO (Figure 3(a)), or in tumor bearing

cohorts injected with IgG-MPIO (Figure 3(b)). Mice

bearing breast, melanoma and lung brain metastases

were injected intravenously with either ALCAM-

MPIO or control IgG-MPIO at days 21 and 28

(breast and melanoma) or day 42 (lung) post-tumor

cell injection. In all cases, T2*-weighted MGE3D

images showed marked hypointensities arising from

bound ALCAM-MPIO. Focal hypointense areas were

evident throughout the brain for all three models

(Figure 4(a); arrows). Quantitation of the number of

hypointense voxels in each brain showed a significant

difference between mice injected with ALCAM-MPIO

and IgG-MPIO for all tumor models and at all time-

Figure 2. ALCAM/CD31 co-localization in mouse brain metastases from breast, melanoma and lung. (a–c) Representative immu-
nofluorescence images of brain metastases from MDA231Br-GFP (GFP, green), H1_DL2 (Melan-A, green) and SEBTA-001 (cytoker-
atin, green) showing co-localization (white arrows) of ALCAM (blue) expressed on mouse cerebrovascular cells (CD31, red) at day 21
(MDA231Br-GFP and H1_DL2) and day 42 (SEBTA-0001) models, respectively, post-tumor cell injection. Scale bars¼ 25mm. (d–f)
Graphs showing quantitative analysis of the percentage of ALCAM positive intra-tumoral vessels for the MDA231Br-GFP, H1_DL2 and
SEBTA-001 models, respectively. (g–i) Graphs showing quantitative analysis of the percentage of ALCAM positive peri-tumoral vessels
for the MDA231Br-GFP, H1_DL2 and SEBTA-001 models, respectively. Dotted line¼ averaged baseline level of ALCAM on normal
brain vessels of contralateral hemisphere. *p<0.05, **p<0.01; n> 15 tumors per group.
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points studied (Figure 4(b)). For all tumor bearing

mice, no signal enhancement was seen on conventional

gold standard post-gadolinium T1-weighted images,

confirming an intact BBB (Figure 5).
Histological detection of metastases remains the

gold standard currently, and examination of mice

injected with either ALCAM-MPIO or IgG-MPIO

showed the presence of widespread brain metastases

for all models. The majority of hypointensities on

T2*-weighted MGE3D images corresponded spatially

with micrometastases detected histologically (arrows,

Figure 6(a) to (i)) in all three brain metastasis

models. Presence of both MPIO (iron staining) and

endothelial ALCAM on vessels in close proximity to

brain metastases was evident (Figure 6(j) to (l)).

Classification accuracy of ALCAM-MPIO imaging in

metastasis models

To assess the accuracy of ALCAM-MPIO MRI, both

the number of metastases associated with vascular

ALCAM positivity, and the number of brain metasta-

ses detected by ALCAM-MPIO MRI were first

determined. For the MDA231Br-GFP, H1_DL2, and

SEBTA-001 models, 89%, 51% and 79% of all metas-

tases had ALCAM positive vessels, respectively (n¼ 3

mice; Table 1). By manually correlating the anatomical

location of brain metastases on histology with the cor-

responding hypointensities on T2*-weighted images, it

was determined that that 82%, 55% and 68% of all

metastases were detected by ALCAM-MPIO MRI for

the MDA231Br-GFP, H1_DL2, and SEBTA-001

model, respectively (Table 1(A) to (C)). When consid-

ering just the metastases with ALCAM-positive vessels

determined histologically, the sensitivity for their

detection with ALCAM-MPIO MRI was 90%, 85%

and 80% in MDA231Br-GFP, H1_DL2 and SEBTA-

001 models, respectively, whilst the corresponding

specificities were 83%, 76% and 79%, respectively.

If all animals were combined, overall sensitivity was

86% and specificity was 78% (p< 0.001 in all cases,

Fisher’s exact test). Full classification summary sta-

tistics are given in Table 1(D). Classification results

were similar for both large and small tumours within

each cell line (Supplementary Tables S1 and S2,

respectively).

Figure 3. ALCAM-MPIO specificity assessment in naı̈ve mice. (a) Representative T2*-weighted MGE3D coronal images from naı̈ve
mice injected with either (i) untagged ProMagTM carboxylic MPIO, (ii) IgG-MPIO, or (iii) ALCAM-MPIO. Negligible hypointense voxels
arising from MPIO were detected in these control group. (b) Representative T2*-weighted MGE3D coronal images from tumour
bearing mice injected with non-specific IgG-MPIO on day 21 (MDA231Br-GFP, H1_DL2) and day 42 (SEBTA-001). Again, minimal
hypointense voxels were detected in these mice.
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Assessment of ALCAM expression in human brain
metastasis biopsies

In all cases studied, immunohistochemistry of human
brain biopsies showed high expression of ALCAM on
vessels adjacent to metastases from breast, melanoma

and lung (n � 3 cases for each primary; Supplemental
Figure S5). Expression of ALCAM was also evident on
many tumor cells, but to differing degrees dependent
on primary tumor type. Both negative control staining
and control, healthy brain tissue showed no ALCAM
positivity (Supplemental Figure S5(G) and (H)).

Figure 4. Detection of brain micrometastases using ALCAM-MPIO. (a) Representative T2*-weighted coronal images from MGE3D
datasets. Prominent focal hypointense (black) foci corresponding to retention of ALCAM-MPIO were evident in mice injected with
MDA231Br-GFP or H1_DL2 cells at both days 21 and 28, and SEBTA-001 cells at day 42. Examples of hypointense foci are indicated
with white arrows in the first column. (b) Graph showing quantitation of the number of hypointense voxels for each tumor model
(n¼ 4–8 per group). A significant difference was evident between tumor bearing mice injected with ALCAM-MPIO (black circles) and
IgG-MPIO (grey squares) for all time-points in all three models; *p<0.05, **p<0.01, ***p<0.001. Dashed line denotes background
hypointense voxels detected in naive mice injected with ALCAM-MPIO (n¼ 2).
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Discussion

In this study, we report the development and imple-
mentation of a novel MRI molecular imaging agent
targeting activated leukocyte cell adhesion molecule
(ALCAM). We first demonstrate that this new agent
shows high selectivity and sensitivity for ALCAM tar-
geting in vitro. Subsequently, in a proof-of-concept
study, we show that the agent enables detection of
endothelial ALCAM expression in vivo in mouse
models of brain micrometastasis originating from
breast, melanoma and lung primary cancers.

Inflammation is a key component of the patho-
physiology of most neurological disorders, including
cancer. Adhesion molecules play an important role in
the inflammatory process and assist with trafficking
of leukocytes from the bloodstream to the brain

across the BBB. Recently, ALCAM has been reported

to play an important role in this process and its upre-

gulation on the brain vasculature has been shown to

correlate with pathogenesis and disease progression

in MS,13,15,16,28 stroke29 and cancer.17 The specificity

of ALCAM to disease site, and accessibility of this

biomarker on the vascular endothelium, makes it a

potentially important target for molecular imaging

and targeted therapy. Therefore, in this study, our

aim was to develop a novel anti-ALCAM MRI con-

trast agent for in vivo detection of endothelial

ALCAM upregulation in neuroinflammatory

conditions.
First, the optimal anti-mouse ALCAM antibody for

targeted MPIO construct was identified and tested.

Anti-ALCAM antibody density levels on MPIO from

R&D Systems (�23,000 Ab/MPIO) was comparable

Figure 5. MRI BBB permeability assessment in the brain metastasis models. (Top three rows) Representative T2*-weighted MGE3D
images and corresponding gold standard T1-weighted pre- and post-gadolinium images for mice injected intracardially with MDA-MB-
231-Br, H1_DL2 or SEBTA-001 cells. No gadolinium enhancement (bright regions) was detected in T1-weighted post-Gd images,
indicating an intact BBB. The presence of hypointense foci on the T2*-weighted MGE3D correspond to the bound ALCAM-MPIO and
micrometastases, which are not detected on the post-contrast T1-weighted image. Images are from the latest time-point of the study
(day 28 post-injection for MDA-MB-231-Br, H1_DL2 and day 42 for SEBTA-001).
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with previously published data for other antibody-
targeted MPIO such as VCAM-1, E-selectin and
PECAM-1 (20,000–27,000 Ab/MPIO).11,20,27 The opti-
mal ALCAM-MPIO conjugate showed marked bind-
ing to ALCAM expressed on cytokine-stimulated
mouse endothelial cells in vitro and target specificity
was confirmed under flow condition in glass capillaries
pre-coated with the recombinant ALCAM protein
compared to those pre-coated with BSA. Similar bind-
ing patterns and specificity of binding have previously
been demonstrated by McAteer et al. for VCAM-1 tar-
geted MPIO.30

We next demonstrated that ALCAM-targeted
imaging enables sensitive and specific detection of
endothelial ALCAM expression in vivo. For this
proof-of-concept study, we used three different mouse
models of secondary brain cancer, metastasis, from the
three primary tumour types with the highest incidence
of brain metastases. We have previously demonstrated
upregulation of endothelial ALCAM in early breast
cancer brain metastasis,17 and this was further con-
firmed here across a longer time-frame and extended
to models of lung and melanoma brain metastasis.
Although ALCAM expression as a percentage of

Figure 6. ALCAM-MPIO binding and detection of brain metastases. (a–c) Representative T2*-weighted MGE3D image from MDA-
MB-231-Br brain metastasis model and the corresponding histological section (b) showing an example of co-localisation of hypo-
intensities on the T2*-weighted image with brain metastases (boxes) and (c) the higher magnification photomicrograph from ALCAM
(brown) stained tumour. Counterstain¼ cresyl violet; blue. (d–f) Representative T2*-weighted MGE3D image from the H1_DL2 brain
metastasis model and the corresponding histological sections. (g–i) Representative T2*-weighted MGE3D image from SEBTA-001
brain metastasis model and the corresponding histological sections. (j) Perls’ Prussian blue staining of tumour showing presence of
MPIO (blue; arrows), counterstain¼Nuclear Fast Red. (k and l) MPIO (black arrows) were found in ALCAM activated vessels
(brown); nuclei of tumour cells are evident in close association with ALCAM-positive vessels. Scale bars: (b, e, h)¼ 1 mm; (c, f, I, j)¼
30 mm; (e, f)¼ 5 mm.
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tumour volume appeared to be stable across the time
courses studied for all models, specific endothelial
ALCAM expression showed a progressive upregulation
on intra-tumoral vessels over time in the breast cancer
brain metastasis model, together with upregulation of
ALCAM on peri-tumoral vessels (up to ca.100 mm
away from metastatic cells) at later time-points. For
the melanoma and lung brain metastasis models, the
percentage of intra-tumoral vessels showing upregula-
tion of endothelial ALCAM appeared to be stable
across all time-points studied. Thus, these models pro-
vide an appropriate test system for this proof-of-
concept study.

In the breast cancer brain metastasis model, at day
21, a significant proportion (82%) of brain metastases
found histologically co-registered with hypointensities
on T2*-weighted images. This finding was in accord
with the percentage of tumors that showed endothelial
ALCAM positivity (89%). ALCAM-MPIO detection
was evident across the range of tumor volumes
observed, with no clear threshold for detection; the
smallest breast cancer brain metastasis that was
detected was approximately 7.8� 10�5ml in volume.
In the melanoma model, ALCAM-MPIO appeared to
detect fewer metastases (55%). However, the histolog-
ical results also showed that endothelial ALCAM

Table 1. Classification accuracy of ALCAM-MPIO imaging in metastasis models.

A. MDA231Br-GFP (breast cancer primary)

Hypointensity on ALCAM-MPIO MRI

Histological endothelial ALCAM

þ �
þ 84 2

� 9 10

B. H1_DL2 (melanoma primary)

Hypointensity on ALCAM-MPIO MRI

Histological endothelial ALCAM

þ �
þ 33 9

� 6 29

C. SEBTA-001 (non-small cell lung cancer primary)

Hypointensity on ALCAM-MPIO MRI

Histological endothelial ALCAM

þ �
þ 57 4

� 14 15

D. Statistical summaries

MDA231BR-GFP H1_DL2 SEBTA-001 All tumours

Sensitivity

Chance of a histologically ALCAM

positive tumour being identified by

ALCAM-MRI

0.903 0.846 0.803 0.857

Specificity

Chance of an MRI negative tumour also

being histologically ALCAM negative

0.833 0.763 0.789 0.783

Accuracy

Overall chance of MRI classification

matching histological classification

0.895 0.805 0.800 0.838

Prevalence

Overall chance of a tumour being

histologically ALCAM positive

0.737 0.506 0.789 0.746

Fisher’s exact test p-value 1.7� 10�7 5.3� 10�8 2.8� 10�6 0

(A–C) 2� 2 contingency tables showing the number of tumours that were identified as positive or negative by either endothelial ALCAM histology or

by ALCAM-MPIO MRI in the three cell lines. (D) Table of statistical summaries identifying how good ALCAM-MPIO MRI was at detecting known

histologically ALCAM-positive tumours (sensitivity, also known as true positive rate), how likely it was that a tumour that was not positive on ALCAM-

MPIO MRI was actually ALCAM negative by histology (specificity, also known as true negative rate), how likely it was that the ALCAM-MPIO MRI

matched the histological observation (accuracy), how likely it was that any given tumour was ALCAM positive by histology (prevalence), and the

Fisher’s exact test p-value for the classification.
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upregulation was present in a similar percentage of
tumors (51%), in support of the in vivo findings.
Similarly, in the lung cancer brain metastasis model,
ALCAM-MRI enabled detection of 68% of all
tumors, with 79% showing endothelial ALCAM
expression. Critically, when considering only the
metastases showing endothelial ALCAM upregulation
histologically, 90%, 85% and 80% of these tumours
were detected using ALCAM-targeted MRI in breast,
melanoma and lung brain metastases models, respec-
tively. In each cell line, a small number of tumours were
identified by ALCAM-targeted MRI that were not
confirmed as histologically ALCAM-positive (2%,
12% and 4% for breast, melanoma and lung, respec-
tively). These apparent false positives, however, may
reflect the mismatch between MRI and histology reso-
lutions and endothelial ALCAM expression may have
been present in an unstained section. Together, these
data indicate high specificity and sensitivity of the
ALCAM-MPIO for detection of endothelial ALCAM
upregulation on the cerebral vasculature in vivo.

Although, owing to their size, MPIO are considered
to be obligate intravascular agents even in the presence
of a compromised BBB, in order to confirm specific
endoluminal binding of a novel contrast agent in vivo,
it is essential to use a model in which the BBB remains
intact. In this case, the possibility of accumulation
within the brain across a permeable BBB can be defin-
itively excluded. In the models used here, we
demonstrated the presence of an intact BBB with
post-gadolinium T1-weighted MRI, at each of the
time-points studied, thus indicating specific endolumi-
nal binding of the ALCAM-MPIO. Subsequent immu-
nohistochemical and immunofluorescent analysis of
tissue ex vivo confirmed the endoluminal presence of
ALCAM-MPIO adjacent to ALCAM-expressing endo-
thelium and in close proximity to micrometastases.

Currently, MRI diagnosis of brain metastases relies
on extravasation of gadolinium from the circulation
into the tumor microenvironment. Metastases need to
reach a minimum size of ca.2mm in diameter before
they become visible on MRI.31,32 Although MRI is
highly sensitive for tumors with a disrupted BBB, per-
meability of brain metastases to contrast agents has
been shown to be heterogeneous.33,34 Moreover, in
the micrometastatic stages the BBB remains completely
impermeable,20,22 masking these tumors from detection
by contrast-enhanced MRI. In the models used here,
the micrometastases detected using ALCAM-targeted
MRI were considerably smaller than this size threshold
for detection, and did not have a permeable BBB, as
demonstrated by post-gadolinium T1-weighted MRI.
To note, these micrometastases are also not detectable
by conventional T1- or T2-weighted anatomical imag-
ing (Supplemental Figure S6). These data suggest that

ALCAM-targeted molecular imaging may enable ear-
lier detection of brain micrometastases, prior to BBB
breakdown.

ALCAM expression in human tissue has been
explored previously in a number of malignancies,35–39

including, very recently, lung cancer brain metastasis.18

Moreover, Wu et al have reported the development of a
human anti-ALCAM PET tracer, which was able to
target and detect human pancreatic adenocarcinoma
and colorectal carcinoma in xenograft mouse
models.40,41 In all of those studies, however, the focus
was on expression of ALCAM on tumour cells, rather
than the vascular endothelium. Whilst tumour cell
ALCAM is accessible in many tumours where the vas-
culature is leaky, the presence of an intact BBB, either
entirely or partially, can preclude access of imaging
agents to brain tumours. Consequently, the presence
of ALCAM on cerebral vessels is particularly impor-
tant for the development of neurological diagnostic
probes. Here, we have shown that ALCAM is
expressed on tumor-associated blood vessels in all
human brain metastasis samples studied, independent
of the primary origin (breast, melanoma or lung),
whilst ALCAM expression distant from tumours and
in healthy brain tissue was negligible. Whilst these
results support the potential of our novel ALCAM-
MPIO agent for clinical translation, direct comparison
with our previous work using a VCAM-1 targeted con-
trast agent in the same mouse brain metastasis
models20,22 suggests that VCAM-1 targeted MRI
remains the method of choice for early detection of
brain micrometastases specifically (Supplementary
Table S3). The advantage of VCAM-1-targeted MRI
largely reflects the slightly greater percentage of
VCAM-1 positive metastases, compared to ALCAM-
positive metastases, found in the lung and melanoma
brain metastasis models. In addition, a lack of peritu-
moural spread of the ALCAM signal in the melanoma
and lung brain metastasis models yields a more restrict-
ed ALCAM-target for the in vivo imaging. A possible
explanation, for both the lower percentage of
ALCAM-positive tumours and minimal per-tumoral
spread in the lung and melanoma models compared
to the breast cancer brain metastasis model, may be
differences in growth patterns, vascular density and
angiogenic properties of the models. Co-registration
of histology and MRI in the melanoma brain metasta-
sis model, in particular, indicated that ALCAM-MPIO
were able to detect the subset of micrometastases that
were highly vascular and co-optive in growth pattern,
but not those exhibiting a lobular, non co-optive
growth pattern (Supplemental Figure S7). In accord
with this notion, different phenotypes of growth and
interaction with the BBB have been shown previously,
depending on the primary origin of brain metastasis
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cells.42,43 Moreover, differences in doubling times of
the different cell lines yielded substantially different
median volumes for the MDA-MB-231-Br and
H1_DL2 models even at the same time-point post-
tumour cells injection (day 21; 0.893� 10�3ml vs.
0.304� 10�3ml, respectively) and this may further con-
tribute to the differences in endothelial ALCAM
expression observed.

It is well known that not all adhesion molecules are
equal and, therefore, being able to image different
CAMs in vivo will greatly expand our ability not only
to determine their roles in different diseases, but also to
stratify patient treatment. At the same time, the poten-
tial of CAMs as biomarkers for treatment monitoring
has yet to be evaluated. Interestingly, others have
shown that levels of P-selectin, another adhesion mol-
ecule, correlate with tumour progression.44 Thus, given
the differences between the different CAMs in terms of
expression profile and function, it is possible that an
agent combining VCAM-1, ALCAM and even P-selec-
tin targeting may further improve sensitivity, provide
indications of tumour stage and/or enable treatment
stratification. Similarly, assessing VCAM-1 and
ALCAM expression in macrometastases, where the
BBB is only heterogeneously permeable, may reveal
differences that could be exploited. Importantly,
ALCAM has been shown to be upregulated on the
cerebrovascular endothelium in several other neuroin-
flammatory diseases, including EAE,15 MS16 and
stroke,29 and its role in leukocyte recruitment across
the BBB is becoming clearer. Thus, based on that lit-
erature and the results of the current study, we specu-
late that our novel agent could be used to detect
ALCAM upregulation in a range of neurological
diseases.

In conclusion, this study has shown that ALCAM-
targeted MRI enables sensitive and specific detection of
endothelial ALCAM expression both in vitro and in
vivo. Identifying immunological biomarkers and devel-
oping tools such as ALCAM-MPIO potentially enables
identification of molecular changes that may drive the
development of new immunotherapy drugs. Moreover,
combination of this novel imaging agent with relevant
therapeutics, to yield a theranostic agent, could enable
delivery of drugs and radioactive substances very spe-
cifically to disease sites, as already demonstrated for
VCAM-1 targeted alpha-particle therapy.45 The novel
ALCAM targeted MRI contrast agent described here
could potentially be used in a wide range of neuroin-
flammatory diseases, including MS, stroke and cancer,
where its presence has been shown to be key for the
extravasation of leukocyte across endothelial cells.
Although the resolution achievable in mice is consider-
ably higher than is currently possible clinically, previ-
ous calculations have shown that MPIO signal

reduction should be detectable with clinical

approaches.22 With the recent development of a biode-

gradable multimeric MPIO (mMPIO),19 clinical

translation of novel imaging agents, such as

ALCAM-MPIO, is a realistic possibility.
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