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Key Points Antibodies play a fundamental role in diagnostic immunophenotyping of leukemias

- - - - - and in cell-targeting therapy. However, this versatility is not reflected in imaging

¢ Multiplexing antibodies against
common human epitopes all

diagnostics. In the present study, we labeled anti-human mAbs monochromatically
against selected human myeloid markers expressed on acute myeloid leukemia (AML)

abeled wi e Same Tluoro- cells, all wi e same near-infrared fluorochrome. In a novel “multiplexing” strategy,
labeled with th fl Ils, all with th frared fl h | | Itipl trat

phore facilitates optical imaging we then combined these mAbs to overcome the limiting target-to-background ratio to
of heterogenous AML. image multiple xenografts of AML. Time-domain imaging was used to discriminate

autofluorescence from the distinct fluorophore-conjugated antibodies. Imaging with
multiplexed mAbs demonstrated superior imaging of AML to green fluorescent protein
or bioluminescence and permitted evaluation of therapeutic efficacy with the standard
combination of anthracycline and cytarabine in primary patient xenografts. Multiplex-
ing mAbs against CD11b and CD11c provided surrogate imaging biomarkers of
differentiation therapy in an acute promyelocytic leukemia model treated with all-trans
retinoic acid combined with the histone-deacetylase inhibitor valproic acid. We present
herein an optimizedapplication of multiplexed immunolabeling in vivo for optical imaging of AML cellxenografts that provides

* Multiplexing fluorescently la-
beled monoclonal antibodies
permits optical imaging of pri-
mary patient xenograft pathol-
ogy/therapy response.

reproducible, highly accurate disease staging and monitoring of therapeutic effects. (Blood. 2013;121(7):e34-e42)

Introduction

Despite modern advances in therapeutics and improvement in the
diagnosis of acute myeloid leukemia (AML) subtypes, the majority
of patients die from their disease.!> Thus, in the absence of
definitive in vitro models of human AML and failure of significant
numbers of new drugs late in clinical trials,>* it is essential that
murine AML models are further developed to exploit more specific,
targeted therapeutics. Although preclinical development of thera-
peutics has previously exploited genetic and syngeneic models of
AML,>® subcutaneous xenografting of human cell lines in immuno-
deficient mice has been a popular screening tool.” However, the
ease of measuring therapeutic efficacy with simple caliper measure-
ments in subcutaneous tumors is offset by the recognition that these
models do not typify clinical disease.®” True evaluation of therapeu-
tic potential in this disease necessitates preclinical screening in
multiple, systemic, or orthotopic xenograft models of AML,
increasingly with primary patient cells that reflect the heterogeneity
of the disease.'”

To facilitate the use of humanized orthotopic AML models in
therapeutic settings, investigators have increasingly turned to
noninvasive preclinical imaging techniques to define efficacy.!!
Optical imaging of reporter gene expression'>!3 is the preferred
modality owing to low cost and high sensitivity. However, the
necessity of generating multiple reporter gene—expressing cell lines

for drug efficacy studies is both time consuming and expensive,
and the potential for additional mutagenic lesions in primary
material is a major concern.'4!> Receptor-targeted imaging probes
in which an affinity ligand (eg, a monoclonal antibody [mAb]) to a
specific biomarker or epitope is conjugated to a contrast reagent
(eg, a near-infrared [NIR] dye) offers an alternative imaging
strategy'® that is exemplified by theranostic imaging of radiola-
beled CD45 therapeutic mAb in AML.!7 A drawback of this
approach is the difficulty in achieving sufficient target-to-
background contrast to completely identify disseminated disease.
In particular, determining therapeutic intervention points early in
the disease can be difficult to achieve with targeted imaging
techniques, primarily due to endogenous autofluorescence and
nonspecific fluorescence from exogenous contrast reagents. How-
ever, the application of multispectral and, in particular, time-
domain optical imaging techniques can at least partially circumvent
these issues. Although the use of time-domain optical imaging
strategies can enhance signal-to-noise contrast via gating of a
fluorophore-specific fluorescence lifetime,'®1° the expression of
sufficient numbers of epitope on target cells is an inescapable
constraint for targeted imaging strategies.

We postulated that “multiplexing” multiple mAbs of defined
epitopes all labeled with the same fluorophore would increase
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fluorescence contrast and provide a set of probes useful in multiple
models of AML. In the present study, optimal multiplexing was
achieved with 3 mAbs, enhancing contrast 4-fold over single mAbs
in in vitro and in vivo phantom studies, with no ill effect on cell
viability or proliferation in human AML cell lines and primary
AML patient cells. Time-domain imaging of green fluorescent
protein (GFP)- or luciferase-expressing AML cell lines with
multiplexed mAbs permitted earlier identification of AML xeno-
graft than with either reporter gene. Furthermore, non-reporter
gene—expressing human AML cell lines and primary patient
xenografts were faithfully imaged with histologic confirmation.
Finally, time-domain imaging of multiplexed mAbs was used to
demonstrate the therapeutic efficacy of standard chemotherapy and
differentiation therapy in AML cell lines and primary patient
xenografts.

Methods

Cell lines and primary AML cells

HL-60 (AML French-American-British [FAB] M2), NB4 (AML FAB M3),
MOLM-13 (AML FAB 5a), MV4-11 (AML FAB MS5) and OCI-AML3
(AML FAB M4) cell lines were purchased from DSMZ. The HL-60, NB4,
and MOLM-13 cell lines were cultured in RPMI 1640 medium (Sigma-
Aldrich) with 10% FBS, 2mM L-glutamine, and penicillin (50 U/mL)/
streptomycin (50 U/mL; both Gibco). The MV4-11 cell line was cultured in
IMDM (BioWhittaker, Cambrex Bio Science) with 10% FBS, L-glutamine,
and penicillin/streptomycin. OCI-AML3 was maintained in a-MEM with
10% FBS, L-glutamine, and penicillin/streptomycin. AML samples were
collected from patients after informed consent in accordance with the
Declaration of Helsinki and approval by the local ethics committee (REK
Vest, which is affiliated with the University of Bergen and Haukeland
University Hospital).

GFP- and luciferase-transduced cells

The NB4SFP 12 and MOLM-13"¢ 13 cell lines have been described previ-
ously. GFP-expressing cells, including NB4S™ and HL-60", were
isolated by cell sorting with a FACSAria cell sorter (BD Biosciences).
Luciferase activity in the MOLM-13'" cell line was measured by adding
1.6 pg/pL of D-luciferin (Promega) to 150 L of cell suspension
(1 X 103 cells/mL) 10 minutes before imaging. The clones with the highest
photon intensities were expanded and used for in vivo imaging.

Flow cytometry analysis

In vitro multiplexing studies. A total of 2 X 10° cells were washed and
resuspended in 50 L of 1X PBS. Samples were incubated with 0.4 g of
combinations of 1 (n = 4 combinations), 2 (n = 6 combinations), 3 (n = 4
combinations), and 4 (n = 1 combination) of the following mAbs; CD45-PE
(clone MEM-28), CD33-PE (clone HIM3-4), CD13-PE (clone WM15), and
HLA ABC-PE (clone W6/32; all Exbio) at room temperature for
30 minutes. Stained cells were washed with 1 X PBS and resuspended in 2%
paraformaldehyde (Alfa Aesar). All experiments were run in 3 replicates.

Analysis of xenografted BM and blood. CD45-FITC (clone MEM-28;
Exbio) or CD33-FITC (clone HIM3-4) and CD34-PE (clone 8G12; both
BD Biosciences) were added to 50 pL of mouse blood/bone marrow (BM)
and incubated for 30 minutes at 4°C. Lysing buffer (1 mL; Pharm Lyse; BD
Biosciences) was added and samples were incubated for another 8 minutes
at room temperature and then washed with 1X PBS containing 0.5% BSA.
A FACSCalibur (BD Biosciences) was used to perform flow cytometry on
1 X 10* cells for each sample. FlowJo Version 8.8.6 software (TreeStar) was
used to analyze flow cytometry data.

Differentiation of all ATRA- and VPA-treated cells. NB4 cells
(2 X 10%) were treated with 1uM all trans retinotic acid (ATRA) (Sigma-
Aldrich) and 1mM valproic acid (VPA) (100 mg/mL of Orfiril in solution;
Desitin Arzneimittel) for 48 hours. Cells were washed twice with 1 X PBS
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and 50 pL of each sample was incubated with 2.5 pL of CD11b-FITC
(clone MEM-174; Exbio), 2.5 pL of CD11c-FITC (clone BU15; Exbio), or
both in addition to 0.625 pL of CD33-PE-Cy7 (clone P67.6; BD Biosci-
ences). After 15 minutes, 1X PBS was added and a FACSCanto flow
cytometer (BD Biosciences) was used to analyze 1 X 10* live cells.

Conjugation of mouse anti-human mAbs with Alexa Fluor 680

Seven mAbs, including an IgG2a negative control (clone MRC OX-34),
CDA45 (clone F10-89-4), CD33 (clone WM53), CD13 (clone WM15), HLA
ABC (clone W6/32; all AbD Serotec), and CD11b (clone MEM-174) and
CDllc (clone BUILS; both Exbio), were conjugated to Alexa Fluor
680 using the SAIVI Alexa Fluor 680 Labeling Kit (Invitrogen) as
described by the manufacturers. Protein concentrations of the Alexa Fluor
680—conjugated mAbs and degree of labeling was determined with a
Nanodrop 1000 spectrophotometer (Thermo Fischer Scientific).

Cell viability and proliferation assays

Evaluation of apoptosis in NB4S*, MOLM-13, HL-60, MV4-11, and
OCI-AML3 cells (2 X 10* cells/mL) or 3 primary AML patient cell samples
(2-5 X 105 cells/mL) after incubation with Alexa Fluor 680-labeled
CD45/13/HLA ABC (4 pg) was performed by DNA-specific staining with
Hoechst 33342 (10 pg/mL; Invitrogen),?” followed by counting of normal
and fragmented/condensed cell nuclei using an inverse fluorescence
microscope (IRB; Leica Microsystems). To further evaluate if cells were
proliferating normally, NB4S*?, MOLM-13, HL-60, MV4-11, and OCI-
AML3 cells (2 X 10* cells/mL) or 3 primary AML patient cell samples
(2-5 X 10° cells/mL) were incubated with CD45/13/HLA ABC (4 p.g) and
counted after 24 and 48 hours using a Biirker hemocytometer. Viability/
proliferation was determined using the Cell Proliferation Reagent WST-1
(Roche Applied Science) according to the manufacturer’s protocol.
Aliquots (90 pL) of cells (cell lines: 2 X 10° cells/mL, primary AML
patient cells: 2-5 X 10° cells/mL) incubated with CD45/13/HLA ABC
(4 pg) were added to 10 pL of WST-1 24 after the initiation of the
experiments. The cells were incubated for 4 more hours and the results were
collected using a Tecan Infinite 200 microplate reader and Magellan Version
6 software (Tecan Trading).

Optical imaging

Before imaging, mice were depilated and anesthetized with 1%-2% isoflurane
(Isoba; Schering-Plough), 0.2 L/min of O,, and 0.2 L/min of N,. NIR
images were obtained with the eXplore Optix or Optix MX2 Small Animal
Molecular Imager system (ART Inc). NIR imaging scans (A¢x = 670 nm,
Aem = 700 LP, laser repetition rate 80 MHz, raster scan points 1 mm apart)
were obtained 24 hours after administration of Alexa Fluor 680-labeled
mAbs (total mAb concentration of 1 pg/g) as described previously.'® For
GFP fluorescence imaging, an eXplore Optix imager (ART Inc) configured
for GFP-imaging experiments (Aex = 470 nm, A, = 500 LP, laser repeti-
tion rate 40 MHz, raster scan points 1 mm apart) and fluorescence gating of
GFP fluorescence lifetime (2.65 ns) was performed as described previ-
ously.!> Optix MX2 (ART Inc) was used for bioluminescence imaging
(raster scan points 1 mm apart). Bioluminescent images were performed
10 minutes after the administration of D-luciferin (150 mg/kg). All images
and fluorescence lifetime gating were analyzed with Optiview software
(Versions 1.04 and 2.02; ART Inc).

Homogenous phantom model

A total of 1 X 10® NB4SFP cells were washed twice with 1X PBS and
labeled with 4 g in total of 1, 2, 3, and 4 Alexa Fluor 680—conjugated
mAbs, as described in “In vitro multiplexing studies.” Labeled cells were
washed twice with 1 X PBS and transferred to an optical 96-well reaction
plate (MicroAmp; Applied Biosystems). An optical 96-well reaction plate
was put in a container with the bottom facing up. Next, 45% agar
(Sigma-Aldrich) was added so that the 96-well reaction plate was halfway
covered, leaving the encapsulated pellets facing up. After the agar had
solidified, the phantom was immersed in a 1% Liposyn and 3% whole blood
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solution at different depths as described previously.'? Imaging was per-
formed using an Optix MX2 imager.

Postmortem mouse model

The fur was removed from a NOD/SCID-B2m™!" mouse and it was killed
by CO, inhalation. NB4S capsules labeled with 1, 2, 3, and 4 mAbs were
implanted subcutaneously, intraperitoneally, intramuscularly, in the kidney,
in the brain, and within the thorax as described previously.'? Laser power
and integration time were optimized using the Optiview software and NIR
scans were acquired.

Xenograft mouse models

The animal experiments were approved by The Norwegian Animal
Research Authority and were performed in accordance with The European
Convention for the Protection of Vertebrates Used for Scientific Purposes.
NOD/SCID IL2ry™! (NSG) mice (6-8 weeks old; originally a generous gift
of Prof Leonard D. Shultz, The Jackson Laboratory) were irradiated with a
sublethal dose of 1.5 Gy (60 cGy/min) from a photon radiation source (BCC
Dynarray CH4 4 megavolt photon irradiation source) before IV injection.
A total of 5-10 X 10° NB4SFP, HL-606FF, MOLM-13"", MV4-11, OCI-
AML3, or patient cells were injected intravenously. mAbs—Alexa Fluor 680
(1 pg/g in total, 0.33 g/g of each mAb) were injected intravenously
24 hours prior to optical imaging. Alternatively, 5 X 10° NB4 cells in a
solution of PBS/Matrigel (1:1) were injected subcutaneously in the flanks
of NOD/SCID mice (6-8 weeks old; Gades Institute, University of Bergen,
Bergen, Norway). Tumors were measured every second day and at
100-150 mm?, mice were treated orally with 65 mg/kg of ATRA and IP with
350 mg/kg of VPA for 3 days. On day 3, mice were injected with CD11b-
and CD1lc- Alexa Fluor 680, imaged after 24 hours, and tumors were
excised for histology and flow cytometry. Mice injected with AML cells
from patient 5 were treated with 500 mg/kg of cytarabine (Ara-C;
Sigma-Aldrich) IP for 2 days and 2.5 mg/kg daunorubicin (Sigma-Aldrich)
intravenously for 3 days, from day 20-22 after injection of AML cells. Mice
were killed following institutional guidelines when moribund as defined by
weight loss > 10%, lethargy, and/or hind limb paralysis.

Histology and immunohistochemistry

Infiltrated organs were removed from mice and fixed in 4% paraformalde-
hyde, followed by routine paraffin embedding. After paraffin embedding,
0.4-pm sections were cut and stained with H&E. Tumors treated with
ATRA and VPA were assessed for expression of CD11b (dilution 1:1000, rabbit
polyclonal, clone ab75476; Abcam). Images were captured with an
Olympus BX51 microscope using 4X, 10X, 20X, and 40X objective
lenses. Images were recorded using CellB software (Olympus).

Statistical analysis

Results are presented as means * SEM. Data were compared using an
unpaired, 2-tailed Student 7 test. Correlations were made with the Pearson
correlation. Survival data were analyzed using Kaplan-Meier survival
analysis and survival distributions were analyzed by the Mantel-Cox
log-rank test. Differences greater than P = .05 were considered significant.
Analyses were performed using Prism Version 5.0 software (GraphPad).

Results
In vitro characterization of the multiplexing strategy

We hypothesized that monochromatically labeled mAbs to com-
mon AML antigens would improve the sensitivity of AML
detection in vivo. We identified 4 cell-surface epitopes expressed
on most AML cell lines and from our patient biobank, and
HL-60, NB4, and MOLM-13 AML cells were incubated singly or
in cocktails (all possible combinations) of 2, 3, or 4 PE-labeled
mAbs of the same total mAb concentration (4 wg) against
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Figure 1. In vitro evaluation of the multiplexing imaging strategy in AML cell
lines. (A) Combined flow cytometry results of mAb multiplexing in 3 cell lines
(HL-60, NB4, and MOLM-13) using all possible combinations of the mAbs CD33/45/
18/HLAABC as 1 (n = 12),2 (n = 18), 3 (n = 12), or 4 mAbs (n = 3). Mean fluorescence
intensity (MFI) values show means = SEM. (B) Pellets of 1 x 108 NB4GFP cells
prestained with 1-4 Alexa Fluor 680-labeled mAbs and immersed into a liposyn
solution containing 3% whole blood were imaged at depths of 1-9 mm by time-domain
optical imaging. Imaging with 3 multiplexed mAbs results in greater depth detection
and increased fluorescence over 1 and 2 mAbs, respectively (mean = SEM, n = 3).
(C) Similarly, cell pellets (1 x 108 cells) implanted at defined locations (brain,
subcutaneous [s.c.], intramuscular [i.m.], and thorax) in a postmortum mouse
illustrates (D) significantly increased fluorescence intensity with increased multiplex-
ing of mAbs (n = 4). Fluorescence images from each panel (eg, brain) have the same
scale. *P < .05; **P < .01; ***P < .001.

human-CD13, CD33, CD45, or HLA-ABC epitopes and analyzed
by flow cytometry (Figure 1A and supplemental Figure 1A,
available on the Blood Web site; see the Supplemental Materials
link at the top of the online article). Significant increases in mean
fluorescence intensity were noted up to 3 mAbs (P < .01-.001)
with no difference noted between 3 or 4 mAbs. NB4S*?, MOLM-13,
HL-60, MV4-11, and OCI-AML3 cells (2 X 10* cells/mL) or
primary AML patient cells cultured * cocktails of 1, 2, or 3 mAbs
over 48 hours in vitro did not demonstrate any differences in
apoptosis (supplemental Figure 1B-C), proliferative potential
(supplemental Figure 1D-E), or viability/proliferation (WST1, data
not shown). To evaluate whether increases in fluorescence would
translate into an in vivo setting, the aforementioned antibodies
were conjugated with the NIR fluorophore Alexa Fluor 680 with a
degree of labeling of 2 fluors/mAb, and concentrated to 1 mg/mL.
Pellets of NB4SFP (1 X 10°) cells!? were subsequently labeled with
1-4 mAbs (same total concentration; 4 wg), immersed in a 1%
liposyn/3% whole blood solution at depths of 1-10 mm, and
imaged by time-domain optical imaging (Figure 1B and supplemen-
tal Figure 1F). There were no differences in the fluorescence
lifetime of the Alexa Fluor 680—conjugated mAbs (1.4 ns) noted
between cells incubated with 1-4 mAbs. Similar to the results we
acquired from flow cytometry, the combination of 3 mAbs resulted
in higher fluorescence than either 1 or 2 mAbs, the significance of
which increased with depth (P < .05-.001), with similar, albeit
slightly lower, fluorescence obtained with 4 mAbs. Although the
limit of detection for cells incubated with 1 mAb was 5 mm, cells
incubated with 2, 3, or 4 mAbs could be distinguished at 7 and 9
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Figure 2. Comparison of multiplexed mAb imaging
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with bioluminescence. (A) NSG mice (n = 6) previ- A
ously injected intravenously with 5 x 106 MOLM-13Mu¢
cells were imaged for fluorescence and bioluminescence
after 4 and 5 weeks. Images were acquired on the same
day 24 hours after mAb injection (CD13/45/HLA ABC,
total 1 ng/g, 0.33 ng/g of each antibody) and 10 minutes
after luciferin administration (150 mg/kg IP). Images
depict the maximum to minimum fluorescence/biolumines-
cence for each mouse. Bioluminescence images on
weeks 4 and 5 are shown with both log and linear
scaling to permit optimal visualization of leukemic infil-
trates. (B) A very good correlation with Pearson correla-
tion coefficient = 0.80 was noted between total biolumi-
nescence and the fold increase in fluorescence. (C) All
leukemic infiltrates were confirmed histologically. EP
indicates epiphyseal plate; LBM, leukemic bone marrow;
LC, leukemic cells; NBM, normal bone marrow; and PC,
photon counts.
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mm, respectively, with fluorescence detection at depth well corre-
lated (2 = 0.89, 0.81, 0.75, and 0.74, respectively). To confirm
these results, we implanted the same pellets of NB4S cells at
different anatomical locations in a postmortum mouse, as described
previously,'? and imaged with time-domain optical imaging. Fluo-
rescence gated images for the fluorescence lifetime of Alexa Fluor
680, described previously,'?2! again demonstrated superior visual-
ization of cells with increasing mAb number (Figure 1C-D).
Quantification of the average fluorescence intensities at all anatomi-
cal locations also demonstrated that the use of 3-4 mAbs signifi-
cantly increased fluorescence output compared with 1 or 2 mAbs
(Figure 1D; P < .05-.001).

In vivo optical imaging with multiplexed mAbs

We selected the NB4SFP (AML FAB M3) and MOLM-13!¢ (AML
FAB 5a) preclinical AML models as these xenografts have been
validated previously in vivo for time-domain optical imaging of
GFP and bioluminescence, respectively,'>!* providing a useful
comparison for our multiplexing experiment. NSG mice (n = 12) were
injected IV with NB4SFP cells (10 X 10°) and underwent time-domain
optical imaging 24 hours after injection of either isotype control
IgG/Alexa Fluor 680 (n = 1) or mAbs; CD45 mAb (n = 3), CD45/HLA-
ABC mAbs (n = 3), or CD45/13/HLA-ABC (n = 5) 3 weeks after
leukemic cell injection. The total concentration of antibody solu-
tion was the same in each combination and was administered at
1 pg/g. Similarly, NSG mice (n = 6) injected with MOLM-13'c
cells (5 X 10°) underwent time-domain and bioluminescence imag-
ing 24 hours after injection of 3 multiplexed mAbs (CD45/13/HLA-
ABC) or 10 minutes after D-luciferin 4 and 5 weeks after leukemic
cell injection. Fluorescence lifetime gating of the isotype control
resulted in minimal fluorescence, which was subsequently used as
the background cutoff.

As expected in the NB4CF? model, we noted GFP fluorescence
primarily in the ovaries and lymph nodes with limited femoral

Bioluminescence

Fluorescence (Fold Increase)

mAb-Alexa 680 Bioluminescence

fluorescence (supplemental Figure 2A and supplemental Table 1),
as described previously.!? Interestingly, imaging with multiplexed
mAbs portrayed a more extensive disease pattern, particularly in
infiltrations of the femur and spine. Although mice imaged with
1 mAbD generally exhibited more diffuse labeling, mice inoculated
with 3 mAbs demonstrated minimal background and cerebral
cortex infiltrations. Further comparison of imaged femurs from
mAb-inoculated mice (supplemental Figure 2A white squares)
revealed increasing fluorescence with increasing numbers of mAbs,
although the total mAb concentration and volume were identical.
Ultimately, in vivo imaging with 3 mAbs recognized all GFP
infiltrates determined by ex vivo imaging (supplemental Figure
2B). Similar results were observed using primary patient material,
with at least a 3-fold increase in fluorescence intensity using 3 mAbs
compared with 1 mAb (P < .001; supplemental Figure 3).

In general, MOLM-13"¢ mice imaged with multiplexed mAbs
and bioluminescence demonstrated similar visualization of disease
pathogenesis between the 2 optical imaging modalities (Figure 2A
and supplemental Figure 4) with excellent correlation noted
(Pearson r = 0.80; Figure 2B). However, there were substantial
differences in the ability to detect leukemia in the BM. In several
cases (as illustrated for mouse 1 and 2 in Figure 2A and
supplemental Figure 4), we only detected minimal biolumines-
cence from femurs and crania of mice regardless of the intensity of
scaling used (Figure 2A and supplemental Figure 4), whereas
multiplexed mAbs illustrated bright and progressive leukemia.
Histology of excised femurs and brains confirmed extensive
leukemia at week 5 (Figure 2C). In addition, it was almost
impossible to accurately localize leukemic infiltrates, particularly
in more diseased mice imaged with bioluminescence. Large
superficial tumors generally dominated the resultant images. In
contrast, imaging with multiplexed mAbs permitted the detection
of intricate lymph node metastasis with good resolution and full
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appreciation of BM, spinal, and cerebral infiltrations compared
with bioluminescence (eg, Figure 2A mouse 1, week 5).

Multiple AML models imaged with the same multiplexed mAbs

One of the main criteria in performing these experiments was to
identify a pool of fluorescently labeled mAbs that could be used in
several models of AML. However, it is also critical for drug
development studies that these mAbs do not affect the natural
progression of AML. Therefore, in addition to the experiments
described above with MOLM-13" and NB46FP| we xenografted
2 cohorts of NSG mice with the MV4-11 (AML FAB M5),
OCI-AML3 (AML FAB M4), and HL-60 (AML FAB M2) human
AML cell lines. One cohort was serially imaged with mAbs at the
times indicated and maintained for survival analysis, whereas the
control group was only monitored for survival. No differences in
survival were noted for mice injected with mAbs compared with
controls in any of the cell lines tested (supplemental Table 2).
mAbs were able to identify infiltrates in the brains and lungs of
MV4-11 and in the stomachs (normally obscured by autofluores-
cence) of OCI-AML3 models, and this was confirmed ex vivo by
histology (supplemental Figure 5A). As observed in MOLM-13
xenografts, fluorescence increased as a marker of disease progres-
sion (supplemental Figure 5B).

Preclinical modeling of heterogeneous primary patient material
is increasingly used in the development of new therapeutics??> with
limited means to evaluate engraftment or efficacy by noninvasive
means. In the present study, we injected NSG (n = 10) mice with
5 primary patient samples of known immunophenotype (supplemen-
tal Table 3) and imaged longitudinally with a multiplex of 3 mAbs
(CD45/HLA-ABC/CD13 or CD33 depending on patient immuno-
phenotype). In all cases, primary AML disease progression could
be determined with time-domain optical imaging and multiplexed
mAbs (Figure 3). Patients 1 (Figure 3A,D), 2 (Figure 3B,F), and
5 (see Figure 5), all of whom were relapsed patients who presented
with aggressive AML, increasing fluorescence over time, histologi-
cally confirmed BM engraftment, and short survival times (Figure
3H) were found. Positive identification of human cells in peripheral
blood could only be determined approximately 1-2 weeks before
mice being found to be moribund by flow cytometry (eg, supplemen-
tal Figure 6), whereas AML engraftment was evident by day
14 with imaging. The only de novo AML sample in the cohort, that
from patient 3, demonstrated transient engraftment by optical
imaging (Figure 3C,F). No AML cells were observed in flow
cytometry or histology of blood, BM, or spleen after necropsy.
There was no engraftment of AML cells from patient 4.

Therapeutic efficacy imaged with multiplexed mAbs

The secondary goal of the present study was to evaluate the
potential of multiplexed mAbs to image efficacy in a therapeutic
setting. To perform these studies, we used a combination of
chemotherapy? and differentiation therapy,?® both standards of care
in AML therapy. CD11b and CDl11c act as biomarkers of differen-
tiation in the therapy of AML.>* We proposed that multiplexing
mAbs against these epitopes would permit imaging of differentia-
tion therapy in vivo. To examine this hypothesis, we first exposed
NB4 cells to differentiation therapy (1uM ATRA and 1mM VPA)
for 48 hours and measured the increase in differentiation status by
flow cytometry (Figure 4A). A significant increase in fluorescence
was noted in treated versus control cells using CD11b and CD1l1c
independently (P < .001). However, multiplexing CD11b and
CDllc significantly increased detection over either mAb alone
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Figure 3. In vivo imaging of primary patient AML xenografts with multiplexed
mAbs indicates engraftment status. Four primary AML patient samples
(5 % 10° cells) were injected intravenously into irradiated NSG mice (n = 2 per
patient sample) and imaged weekly with 3 multiplexed mAbs (CD45/13/HLA ABC,
total 1 wg/g, 0.33 ng/g of each antibody). Representative fluorescence images (A-B)
and fluorescence quantification (D,F) are shown for patients 1 and 2. All leukemic
infiltrates visualized by imaging were confirmed histologically (E,G). Imaging of
patient 3 demonstrated transient fluorescence (C), which decreased with time (F),
whereas patient 4 (H) did not engraft. In all cases, imaging indicated engraftment success
and was confirmed by histology and survival. Scale bars: yellow indicates original
magnification of 20, 0.1 mm; white, original magnification 40, 0.05 mm.

(P < .01 and .001, respectively). Subsequently, CD11b and CD11c
mAbs were conjugated for in vivo imaging, again with Alexa Fluor
680 as a NIR fluorophore, at a degree of labeling of 2. NSG mice
(n = 6) were injected subcutaneously with NB4 cells (5 X 10°) and
tumors were grown in a volume of 100-150 mm?3. Mice were then
treated IP with a combination of ATRA (60 mg/kg) and VPA
(350 mg/kg) or vehicle control for 3 days, and tumor volumes were
estimated from caliper measurements using the ellipsoidal formula
(length X width X height X 7/6). On the final day of therapy, all
mice were injected with the mAbs CD11b and CDllc, imaged
24 hours later (Figure 4B), and tumors were excised after imaging
for ex vivo analysis. Mice receiving therapy demonstrated reduced
tumor volumes for the treatment period (P < .05 by Student ¢ test;
Figure 4D) and significant increases in fluorescence compared with
control mice (P < .05; Figure 4C), suggesting a differentiation in
response to therapy, which was confirmed by immunohistochemis-
try with CD11b (Figure 4E).

Chemotherapy using a combination of Ara-C and anthracycline
(daunorubicin or idarubicin) is the therapeutic mainstay in AML.
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Figure 4. In vivo imaging of differentiation therapy with multiplexed mAbs. (A) Differentiation of NB4 cells treated for 48 hours with a combination of ATRA (1 uM) and VPA
(1 mM) as evaluated with CD11b, CD11c or multiplex of both by flow cytometry. Multiplexing of both mAbs provides significant increases in mean fluorescence intensity.
**P < .01; ***P < .001. (B) Subcutaneous tumors (n = 4) treated with ATRA (60 mg/kg) and VPA (350 mg/kg) for 3 days show significant increases in fluorescence intensity
(C; *P < .05) and reduced tumor growth (D; *P < .05) compared with controls (means = SEM, n = 3) and confirmed ex vivo by immunohistochemistry of tumors with CD11b

(E). Scale bars: yellow indicates 20X, 0.1 mm; white, 40, 0.05 mm.

Using 3 multiplexed mAbs, in the present study, we monitored
disease development in NSG mice injected with peripheral blood
leukocytes harvested from patient 5 (supplemental Table 2). After
imaging on day 21 mice were treated with a combination of Ara-C
and Daunorubicin or vehicle control and reimaged on day 28 (Figure
5A). After imaging, 50% of mice from both the treated and control
groups were killed for ex vivo analysis of BM and spleens; the
remaining mice were monitored for survival analysis. Results from
imaging with multiplexed mAbs demonstrated a significant differ-
ence in disease development 1 week after therapy (P < .0008;
Figure 5B). Interestingly, although illustrating much lower fluores-
cence than untreated mice, treated mice still exhibited fluorescence,
suggesting residual disease. Flow cytometry analysis of BM from
mice killed on day 28 confirmed imaging results, with treated mice
demonstrating significantly fewer AML CD45% (P < .05) and
CD34% (P < .01) leukocytes and stem cells, respectively (Figure
5C-D). As observed by imaging with multiplexed mAbs, flow
cytometry also confirmed the presence of residual disease in the
BM (Figure 5D). Survival analysis confirmed therapeutic efficacy
in the treated group, with significantly increased survival over
controls (P = .007), and residual disease, with all mice succumb-
ing to AML by 50 days (Figure 5E). Ultimately, these data sanction
the use of multiplexed mAbs as a formidable technique in

preclinical imaging of heterogeneous AML disease states and in
monitoring therapeutic development.

Discussion

mAbs are unrivalled in their specificity toward defined cellular
epitopes and are critical to the success of important clinical
techniques such as immunophenotyping® and intracellular flow
cytometry.?®?’ They are attractive agents for oncologic imag-
ing,?$2 but several difficulties must be overcome to achieve the
necessary specificity and avidity for in vivo contrast.*® The number
of target antigens per cell is a defining factor in the successful
application of mAbs for imaging applications.!® By multiplexing
mAbs that were monochromatically labeled with the same fluoro-
phore and targeted toward several antigens expressed on AML
cells, we have overcome the limiting contrast to background, as
demonstrated with time-domain imaging. This strategy permitted
precise disease staging of several preclinical models of AML. We
describe here for the first time the utility of this multiplexing
strategy to accurately image chemotherapeutic response in primary
patient xenografts and direct imaging of tumor differentiation
in vivo.
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Numerous monomeric receptor-targeting strategies have been
developed to increase tumor contrast over background, including
activatable probes,?' self-quenching moieties,’? and labeling with
multifunctional nanoparticulates.?>3* Despite limits to the amount
of labeling that can be achieved before affecting the specificity,
avidity, and pharmacokinetics of the probe in vivo, the number of
target antigens per cell is possibly the key restrictive factor. By
exploiting the standard immunophenotype of AML patient cells,
we selected multiple mAbs of highly expressed epitopes for
multiplex detection. Throughout our in vitro and in vivo experi-
ments, contrast saturation was typically achieved at a multiplex of
3 mAbs. Whether this saturation was the result of epitope overload
of the cell surface or of fluorophore quenching due to increased
proximity is unknown and warrants further investigation. Regard-
less, contrast enhancement of 3 to 4 fold over single mAbs was
demonstrated using 3 multiplexed mAbs, in addition to almost
doubling depth detection. Because of the disease heterogeneity, it
was difficult to evaluate the multiplexing strategy in vivo using a
NB4SFP model, but an increase in the fluorescence with increasing
numbers of mAbs was observed in the femur. Using a primary
patient xenograft model with a consistent disease pattern, a
significantly higher increase in fluorescence intensity was observed
in mice imaged with 3 mAbs compared with 1 mAb. The technique
was successfully used in imaging several preclinical AML models,
including primary patient material. Although we increased the
number of mAbs administered to mice, we did not increase the
volume or total mAb concentration in an effort to further suppress
unspecific background accumulation. Further elaboration of this

Time (Days)

technique merits optimization of the total protein concentration to
be administered in vivo.

In the development of imaging strategies, particularly bona fide
exploration of therapeutic efficacy, it is imperative that the contrast
reagent itself does not interfere with disease pathogenesis.’> At no
point in the present study did we experience any cellular deviations
or changes in model pathogenesis in response to the pool of mAbs
used. It was particularly encouraging that this imaging strategy
gave better contrast than reporter gene imaging with GFP or
bioluminescence in the time-domain configuration and could be
used in multiple models of AML and in therapeutic settings. While
bioluminescence is generally considered unrivaled in contrast
imaging, we demonstrate herein that time-domain imaging of AML
with multiplexed mAbs using raster scanning offers superior
spatial resolution and appreciation of disease pathogenesis. These
results point unequivocally to multiplexed mAbs imaging as the
superior paradigm in imaging AML.

Detection and quantification of minimal residual disease is a
major issue in monitoring treatment outcomes in AML.3¢ In our
primary AML xenograft of secondary relapsed disease, residual
leukemic infiltrates were evident by imaging 1 week after therapy
in accordance with flow cytometry results. Furthermore, the direct
effect of a novel combinatorial differentiation therapy could be
imaged with multiplexed mAbs against the differentiation biomark-
ers CD11b and CDllc. To our knowledge, neither primary
xenograft therapy monitoring nor biomarker imaging of differentia-
tion have been described previously for AML. Undoubtedly,
further validation of this imaging modality’s potential will come in
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the future through visualization and exploration of novel therapeu-
tics in primary AML xenografts and AML stem cells by multiplex-
ing appropriate antibodies of stem cell markers.

Not only do the results of the present study suggest the potential
application of this strategy to other preclinical models of cancer,
but also potential clinical translation to extramedullary infiltrations
and possibly minimal residual disease detection in AML. There are
very few imaging biomarkers approved for clinical use; however,
AML imaging with '8F-FLT37-3 advocates a PET/CT-based multi-
plexed mAb imaging strategy with appropriate isotopic labeling of
humanized mAbs. Such a strategy would necessitate extensive
evaluation to determine clinically meaningful benefit over current
flow cytometry- and PCR-based techniques. However, with increas-
ing characterization of the leukemic stem cell immunophenotype
and advances in novel antibody vectors with improved pharmacoki-
netics,'6 such a strategy may identify refractory AML earlier.
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