
Optimized Near-IR Fluorescent Agents for in Vivo Imaging of Btk
Expression
Eunha Kim,† Katherine S. Yang,† Rainer H. Kohler,† John M. Dubach,† Hannes Mikula,†

and Ralph Weissleder*,†,‡

†Center for Systems Biology, Massachusetts General Hospital, 185 Cambridge Street, CPZN 5206, Boston, Massachusetts 02114,
United States
‡Department of Systems Biology, Harvard Medical School, 200 Longwood Avenue, Boston, Massachusetts 02115, United States

*S Supporting Information

ABSTRACT: Bruton’s tyrosine kinase (Btk) is intricately
involved in anti-apoptotic signaling pathways in cancer and in
regulating innate immune response. A number of Btk inhib-
itors are in development for use in treating B-cell malignancies
and certain immunologic diseases. To develop robust com-
panion imaging diagnostics for in vivo use, we set out to
explore the effects of red wavelength fluorochrome modifica-
tions of two highly potent irreversible Btk inhibitors, Ibrutinib
and AVL-292. Surprisingly, we found that subtle chemical
differences in the fluorochrome had considerable effects on target localization. Based on iterative designs, we developed a single
optimized version with superb in vivo imaging characteristics enabling single cell Btk imaging in vivo. This agent (Ibrutinib-SiR-
COOH) is expected to be a valuable chemical tool in deciphering Btk biology in cancer and host cells in vivo.

■ INTRODUCTION

The Btk (Bruton’s tyrosine kinase) protein is a nonreceptor
tyrosine kinase essential in B-cell development,1,2 B-cell and
mast cell activation,3 and macrophage signaling.4,5 Btk is the
upstream activator of multiple anti-apoptotic signaling mole-
cules and networks and prevents the interaction of Fas with
Fas-associated protein with death domain (FADD).6 Btk is
highly expressed in multiple myeloma,7 acute myeloid leukemia
(AML),8 chronic lymphocytic leukemia (CLL),9 and non-
Hodgkin’s lymphoma (NHL).10,11 Given its importance, Btk has
emerged as a molecular target for treatment of B-lineage leukemias
and lymphomas. In addition, Btk plays a key role in macrophage
polarization through signaling downstream of TLR4.12 Btk also
signals through TLR to control macrophage-mediated phagocy-
tosis for programmed cell removal and pathogen clearing.13,14

Given the importance of macrophage subsets in tumor develop-
ment and progression,15,16 as well as in other chronic diseases,17 it
appears that Btk inhibition may offer a new therapeutic approach
in modulating macrophage populations.18,19

One Btk inhibitor is clinically approved (Ibrutinib) while
others are under development.20−23 Ibrutinib (PCI-32765) is a
selective, irreversible Btk inhibitor, due to electrophilic group
binding to Cys 481 in the active site of Btk.24 This covalent
binding results in long-lasting (>24 h) target occupancy.25,26

AVL-292 is an alternative, highly selective covalent Btk
inhibitor, based on a dianilinopyrimidine backbone.
The continued development and clinical applications of

newer Btk inhibitors would benefit from companion Btk imag-
ing agents. Such tools could be especially valuable to better
understand the kinetics, selectivity, drug action, and dose

ranging or allow in vitro testing of drug occupancy on harvested
cells from patients for personalized medicine. We have
previously reported on a BODIPY modified Ibrutinib, originally
designed for cell culture work.27 While this companion imaging
drug worked reasonably well in vitro, in vivo imaging was much
more challenging. Ibrutinib-BFL imaging required high doses
and resulted in much lower than expected target-to-background
signal ratios as would have been expected from in vitro results.
Since these results were unanticipated and prevented high-
resolution single cell analytical studies, especially in vivo, we set
out to develop alternative in vivo imaging agents with better
pharmacokinetics and imaging characteristics. We were
particularly interested in red-shifted fluorochromes that would
be complementary to typically used GFP labels in mouse models.
We first tested a number of commercially available fluorochromes
attached to the Ibrutinib and AVL-292 scaffold. Most of these
conjugates also resulted in low binding affinity and suboptimal
imaging characteristics. In search for red-shifted alternative
fluorochromes, we finally tested silicon based fluorochromes
such as SiR-Me,28 with similar results. Quite unexpectedly, we
found that a simple carboxylation of Si structures resulted in
conjugates with superb in vivo imaging characteristics.

■ RESULTS
To develop fluorescent Btk companion imaging drugs (CID)
for in vivo use, we chose two highly potent and selective
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covalent inhibitors, Ibrutinib and AVL-292, with subnanomolar
inhibitory activities.29 Based on some previous studies with
PCI-3338025 as well as other Ibrutinib conjugates27,30,31 we
were able to identify two different positions for fluorochrome
modification with minimal perturbation of the original binding
sites. Based on these designs, we first synthesized the amine
versions of Ibrutinib27 (compound 6; Scheme 1), and AVL-292
(compound 21; Scheme S1), using slightly modified reported
procedures.22 These amine compounds were then used for
subsequent modification with different fluorochromes (Table 1,

Figure 1). Specifically, we chose 6 different fluorochromes (SiR-
COOH, SiR-Me, FITC, Rhodamine Green, BODIPY-650, and
BFL) with different chemical properties, as well as different

emission wavelengths (Table 1). All CIDs were first screened
using HT1080 cell lines stably expressing Btk-mCherry, to
examine the colocalization between drug and Btk protein.
Interestingly, only 3 of the 8 compounds (Ibrutinib-SiR-COOH,
Ibrutinib-BFL, and AVL-292-SiR-COOH) showed reproducible
colocalization with a Pearson coefficient above 0.9 (Table 1,
Figure 1, Figure S1, Figure S2, Figure S3). High-resolution live-
cell imaging provided insight into the cellular localization of the
CIDs. Ibrutinib conjugates of fluorescein and rhodamine green
were not cell permeable (Figure S7, Figure S8).
We postulate that this is likely because of the net negative

charge of the conjugates. Conversely, the more hydrophobic
imaging agents (Ibrutinib-BODIPY 650 and AVL-292-BFL,
cLogP >7) showed significant background signal (Figure S5,
Figure S6) presumably due to nonspecific binding in undesired
subcellular compartments. Interestingly, Ibrutinib-SiR-Me local-
ized to the mitochondria rather than the cytoplasm where Btk
is located (Figure S4). We suspected that this unique distribu-
tion was due to charge effects of the fluorochrome (net charge =
+1).32 To counteract the positive charge we next tested Ibrutinib-
SiR-COOH (Figure 1, Figure S1). Ibrutinib-SiR-COOH (Figure 2)
and AVL-292-SiR-COOH (Figure S9a) both have a net neutral
charge,33−35 a cLogP <5, submicromolar IC50 (Ibrutinib-SiR-
COOH = 122.8 nM and AVL-292-SiR-COOH = 283.5 nM,
Figure S10) and showed excellent colocalization with Btk in vitro.
Given the unique properties of Ibrutinib-SiR-COOH, we

next performed an in-depth analysis of the CID. We first
confirmed covalent protein binding of Ibrutinib-SiR-COOH by

Scheme 1. Synthetic Route for Ibrutinib-SiR-COOH

Table 1. Comparison of Different CIDa

MW cLogP Ex/Em
Co-loc
in cells

T1/2
(min)

Co-loc
in vivo

Ibrutinib-Si-COOH 924.40 2.4 651/671 +++ 18.8 +++
Ibrutinib-Si-Me 894.43 7.1 653/670 - ND ND
Ibrutinib-B650 998.44 8.7 650/670 - ND ND
Ibrutinib-Rhx 826.31 0.3 500/534 - ND ND
Ibrutinib-BFL 743.33 6.7 504/516 ++ 11.3 +
Ibrutinib-FITC 859.27 −0.4 499/531 - ND ND
AVL-292-Si-COOH 907.39 2.8 646/668 +++ ND -
AVL-292-BFL 727.31 7.8 504/514 ++ ND ND

aND: not determined. +/++/+++ indicates the degree of colocalization.
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SDS-PAGE using purified Btk protein (Figure 3a, Figure S11a).
We confirmed that the CID labeled purified Btk protein in a
dose dependent manner. Selectivity of the imaging probe was
next confirmed by SDS-PAGE gel experiments with Toledo
(Btk positive B-cells) and Jurkat (Btk-negative T-cells) cell
lines. As expected, Figure 3b shows a single fluorescent band in

Figure 1. Comparison of 8 different CIDs. HT1080 cells expressing Btk-mCherry were incubated with 8 different imaging drugs (500 nM) for 2.5 h.
After washing the cells with growth medium 3 times for 5 min each, live cells were imaged using fluorescence microscopy. Scale bar: 50 μm.

Figure 2. High resolution live cell microscopy of Btk-mCherry cells
incubated with Ibrutinib-SiRCOOH. HT1080 cells stably transduced
with Btk-mCherry (green) were imaged following a 3 h incubation
with Ibrutinib-SiR-COOH (500 nM). Note the exquisite colocalization
between Ibrutinib-SiR-COOH and Btk-mCherry (Pearson’s cor-
relation coefficient is 0.98). Scale bar: 20 μm.

Figure 3. Covalent and selective binding of Ibrtuinib-SiR-COOH to
Btk. (a) Covalent target binding. Denaturing gel electrophoresis of
decreasing concentrations of Ibrutinib-SiR-COOH incubated with
0.1 ng purified Btk for 1 h and imaged with 630 nm excitation/670 nm
emission fluorescence gel scanning. Note the dose dependent binding
of Ibrutinib-SiR-COOH. Molecular weight marker is in the far right
lane. (b) Selectivity of Ibruinib-SiR-COOH against Btk in live cells.
Denaturing gel electrophoresis of cell lysates following incubation of
decreasing concentrations of Ibrutinib-SiR-COOH with Toledo (Btk+,
left half of gel) or Jurkat (Btk-, right half of gel) cells at 37 °C degrees
for 3 h. Note the superb specificity of the probe for Btk+ Toledo cells.
(c) Measurement of unlabeled Ibrutinib binding to Btk protein using
the Ibrutinib-SiR-COOH CID. Denaturing gel electrophoresis of
Toledo (Btk+) cell lysates following incubation of live cells with
decreasing concentrations of Ibrutinib, followed by incubation with
500 nM of Ibrutinib-SiR-COOH.
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the whole cell lysate from the Toledo cells, but not from the
Jurkat cells (Figure 3b, Figure S11b). This selectivity was also
confirmed with FACS analysis as well as live cell fluorescent
imaging experiments (Figure S12). Furthermore, drug occupancy
of unlabeled Ibrutinib in Btk was monitored with Ibrutinib-SiR-
COOH. Toledo cells were first treated with different doses of
unlabeled Ibrutinib for 30 min, followed by 500 nM Ibrutinib-
SiR-COOH for 3 h. SDS-PAGE of the Toledo whole cell lysate
clearly showed unlabeled Ibrutinib occupancy of Btk in a dose
dependent manner using fluorescent gel scanning. Overall, we
confirmed covalent binding and exquisite selectivity of Ibrutinib-
SiR-COOH against Btk. This unique property allows for
potential application of the CID in drug response monitoring.
In the next set of experiments, we tested the lead compound

(Ibrutinib-SiR-COOH) and two close competitors (Ibrutinib-
BFL and AVL292-SiR-COOH) in mice to determine the pharma-
cokinetics and imaging characteristics. Ibrutinib-SiR-COOH had
a vascular t1/2 of 18 min (Figure 4). Ninety minutes after intra-
venous injection, all vascular fluorescent signal had decreased to
background. To determine colocalization in vivo, we used
window chambers in mice under which we grew mixed popula-
tions of HT1080-Btk-mCherry (Btk+) and HT1080-H2B-GFP
cells (Btk-) as tumor masses. Ibrutinib-SiR-COOH showed ex-
cellent colocalization with Btk-mCherry in HT1080 cells (Figure 5).
There was no background fluorescent signal in HT1080 cells
lacking Btk, even 24 h after IV administration (Figure S13).

Identical experiments with the other two compounds
(Ibrutinib-BFL27 and AVL292-SiR-COOH; Figure S14)
resulted in far inferior images with significant background.

■ DISCUSSION
We synthesized six different fluorochrome based Btk imaging
agents and showed that several of these compounds exhibit
reasonable imaging characteristics and colocalization with Btk-
mCherry in cell culture. However, only one compound (Ibrutinib-
SiR-COOH) showed pharmacokinetics and target location,
enabling Btk specific single cell imaging. The lead compound is
based on a carboxylated silicone fluorochrome covalently linked
to the irreversible Btk inhibitor Ibrutinib. Interestingly, elimination
of a single carboxylate group on the fluorochrome essentially
abrogated Btk binding. Compared to the previously described
green Ibrutinib-BFL,27 the red-shifted lead compound exhibits
superior binding and imaging characteristics, due to improved
pharmacokinetics, lower background accumulation, and red-shifted
imaging with lower autofluorescence in vivo.
The developed CID potentially has a broad range of

applications, including spatial profiling of Btk expression in
malignancies or other inflammatory tissues, measurement of
receptor inhibition with competing nonflorescent compounds,
pharmacokinetic and pharmacodynamic studies at the single
cell level, or in vivo studies to elucidate Btk biology. Irrespective
of the specific application, we believe that the developed com-
pound will be of considerable interest.

■ ASSOCIATED CONTENT
*S Supporting Information
Procedures for chemical synthesis, compound characterization
data, fluorescence spectra, procedures for cell line construction,
SDS-PAGE, and in vitro/in vivo imaging, additional figures.

Figure 4. Vascular half-life of Ibrutinib-SiR-COOH. 75 nmol Ibrutinib-SiR-
COOH was injected into the tail vein of nu/nu mice and serial imaging was
performed in the window chamber to determine vascular half-life of the
injected probe. Imaging was performed using a customized Olympus
FV1000 confocal/multiphoton microscope equipped with a 20× objective
(both Olympus America, Chelmsford, MA, USA). (a) Images of vasculature
(FITC-Dextran) and Ibrutinib-SiR-COOH (red) over 180 min post
injection. (b) Fluorescence in the vasculature was used to calculate an initial
blood half-life of Ibrutinib-SiR-COOH. Scale bar: 80 μm.

Figure 5. Single cell in vivo imaging of the Ibrutinib-SiR-COOH CID.
Mice with a mixed HT1080 tumor containing both Btk negative and
positive cells (green: Btk-mCherry cells, blue: H2B-GFP cells) were
imaged 24 h after i.v. administration of Ibrutinib-SiR-COOH (75 nmol).
Note the excellent colocalization between the CID and Btk-mCherry,
persisting even 24 h postinjection. Scale bar: 20 μm.
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The Supporting Information is available free of charge on the ACS
Publications website at DOI: 10.1021/acs.bioconjchem.5b00152.
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