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ABSTRACT: We have developed a novel antibody−drug
conjugate (ADC) that can selectively deliver the Lck
inhibitor dasatinib to human T lymphocytes. This ADC is
based on a humanized antibody that selectively binds with
high affinity to CXCR4, an antigen that is selectively
expressed on hematopoietic cells. The resulting dasatinib−
antibody conjugate suppresses T-cell-receptor (TCR)-
mediated T-cell activation and cytokine expression with
low nM EC50 and has minimal effects on cell viability. This
ADC may lead to a new class of selective immunosup-
pressive drugs with improved safety and extend the ADC
strategy to the targeted delivery of kinase inhibitors for
indications beyond oncology.

Antibody−drug conjugates (ADCs) are an emerging class of
immunotherapeutic agents that allow the targeted delivery

of potent cytotoxic agents to cancer cells.1 A number of toxins
such as doxorubicin, auristatin, and calicheamicin have been
conjugated to monoclonal antibodies that selectively bind
various antigens overexpressed in cancers.2−4 Examples include
trastuzumab-DM1 and brentuximab-vedotin, which were
recently FDA approved for the treatment of HER2-over-
expressing breast cancer andHodgkin’s lymphoma, respectively.1

Despite substantial progress in the development of ADCs in
oncology, few applications using noncytotoxic agents outside the
field of oncology have been reported.5 To this end, we asked
whether an ADC approach can be applied to other classes of
small molecule drugs, in particular, kinase inhibitors, for the
treatment of autoimmune and inflammatory diseases.6,7

Unfortunately, many kinase inhibitors, including those currently
in clinical use, suffer from a lack of selectivity for related kinase
family members, which leads to off-target toxicity. This low
therapeutic index has largely limited kinase inhibitors to the
treatment of cancer despite their considerable potential in other
disease settings.8,9 For example, dasatinib, which is used clinically
for the treatment of BCR-ABL-dependent chronic myelogenous
leukemia, is also a potent inhibitor (IC50 < 1 nM) of other Src-
family kinases. These include Lck and Fyn,10,11 which play key
roles in T-cell receptor (TCR) signaling by phosphorylating and
activating downstream kinases including ZAP70.12,13 Despite its
promise for the treatment of T-cell mediated immune disorders,
the lack of selectivity of dasatinib leads to severe side effects
including pleural effusions and cardiovascular dysfunction, as

well as dermatologic toxicity,14 which collectively undermine its
development as an immunosuppressive agent. Given its lack of
selectivity, but highly potent activity in inhibiting T-cell
activation, we asked whether we could selectively target dasatinib
to T cells as an ADC and thereby improve its therapeutic index.
To selectively deliver dasatinib to T lymphocytes, we

considered a number of antibodies that selectively bind T-cell
antigens including CD3, CD4, CD70, and CD184 (CXCR4).
Among these, CXCR4 is highly expressed on the surface of
human T cells (Figure S1)15,16 but has minimal to no expression
on nonhematopoietic cells as well as resting neutrophils.16−18

Although CXCR4 is also expressed on hematopoietic stem cells
(HSCs), B-cells, and monocytes, delivery of dasatinib to these
cells is not likely to cause serious side effects.15,16,19,20 Moreover,
it has been demonstrated that antibodies that bind CXCR4 are
efficiently internalized, and their antagonism of CXCR4-
signaling is not associated with significant adverse clinical
effects,21−24 which suggests that they are excellent candidates
for conjugation with dasatinib.
We recently developed an anti-CXCR4 antibody that

specifically binds to CXCR4 with high affinity by grafting a
CXCR4 peptide antagonist into the extended complementarity
determining region (CDR) of the bovine antibody (BLV1H12)
scaffold.25 However, to use this antibody in an ADC, we needed
to first generate a humanized version to avoid a neutralizing
immune response upon chronic administration. To this end, we
grafted the long CDR3H of the bovine anti-CXCR4 antibody25

into CDR3H of trastuzumab, an antibody with minimal
immunogenicity in humans (Figure 1A). The long CDR3H of
the bovine anti-CXCR4 consists of a disulfide cross-linked β-
hairpin peptide that specifically binds the ligand binding pocket
of CXCR4. The CXCR4 targeting hairpin peptide was inserted
into CDR3H between Arg98 and Asp108, replacing the original
Trp99−Met107 loop in CDR3H of trastuzumab, to afford the
humanized antibody HLCX (Figure 1A,B). HLCX was
transiently expressed in HEK 293F cells and purified by Protein
G chromatography with a final yield of ∼5 mg/L. Denaturing
SDS-PAGE gel electrophoresis demonstrated that the antibody
was >90% pure and resolved into bands of ∼150 kDa
(nonreducing conditions, full length IgG) and ∼50 and ∼25
kDa (reducing conditions, heavy and light chains, respectively)
(Figure S2A). Further analysis of HLCX by electrospray-
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ionization−mass spectrometry (ESI−MS) indicated the ex-
pected molecular weight (Figure S2B).
We next examined the binding of HLCX to cell-surface

CXCR4 by flow cytometry. Incubation of 10 nM HLCX with
Jurkat T cells (CXCR4high)24 resulted in a peak shift of 96.2% by
flow cytometry analysis (Figure 1C). In contrast, incubation of
HLCX with MDA-MB-435 cells (CXCR4neg)26 did not result in
any shift (Figure 1D), which indicates that HLCX binds human
CXCR4 selectively. Given that HLCX was derived from the
trastuzumab scaffold, we also tested the binding of HLCX to
HER2-transfected MDA-MB-435 cells27 (Figure S3). A minimal
peak shift (Figure 1E) demonstrated that fusion into the CDR3H
of trastuzumab abrogates binding to its cognate antigen.28 To
further characterize the binding profile of HLCX, a series of flow
cytometry analyses were performed on additional cell lines
expressing different levels of CXCR4 (Figure S4), which further
confirmed that HLCX is a selective antibody toward CXCR4.We
then directly measured the binding affinity of HLCX to human
CXCR4 using Tag-lite homogeneous time-resolved fluorescence
(HTRF) as described previously.25,29 The Kd value for HLCX
was determined to be 2.1 ± 0.2 nM (Figure 1F).
Given its selectivity and high affinity, we next examined the

internalization of HLCX by human T cells, as this is required for
efficient delivery of the drug to its intracellular target by an ADC.

The antibody was conjugated with Alexa Fluor 488 (AF488) by
reacting lysyl amino groups with AF488-NHS ester to achieve a
drug-to-antibody ratio (DAR) of ∼4 (Figure S5). Confocal
microscopic analysis was used to determine the efficiency of
internalization of the antibody into human T cells (Figure 2). For
comparison, a common anti-CXCR4 commercial clone (12G5)
was also conjugated to AF488 at a similar DAR (Figure S6). As
shown in Figure 2, panel A, HLCX-AF488 (green spots) was
observed in the cytoplasm of T cells within 30 min at 37 °C,
which indicates efficient endocytosis. Internalization was
inhibited at 4 °C (Figure 2B) or in the presence of 20-fold
excess of unconjugated HLCX (Figure 2D), which indicates that
internalization is CXCR4-mediated. In contrast, a lower amount
of 12G5-AF488 was observed inside the cytoplasm, which
suggests that 12G5 is internalized less efficiently than HLCX
(Figure 2C). It is known that internalization efficiency depends
on binding epitopes.30 The long CDR3H of HLCX targets the
ligand binding pocket of CXCR4,25 which may contribute to its
high internalization efficiency. Taken together, these results
suggest that HLCX is an excellent candidate for CXCR4-targeted
delivery.
Next, we designed and synthesized dasatinib-linker derivatives

for conjugation with HLCX (Scheme 1). Structure−activity
relationship and modeling studies have indicated that the
hydroxyl moiety of dasatinib is not essential for activity.12,13

Therefore, we installed a linker for conjugation to the antibody
by modifying the hydroxyl group of dasatinib with p-nitrophenyl
chloroformate, followed by carbamylation with a tetra-poly-
ethylene glycol (PEG) linker bearing a protected aminooxy
moiety for conjugation (Scheme S1). The resulting intermediate
was readily deprotected to afford the desired derivative 1 with a
noncleavable linker (Scheme 1). An in vitro kinase inhibition
assay with Lck (Figure S9) confirmed that this derivative had a
similar potency as the parent compound (EC50 = 65.2 ± 5.1 pM
for 1 vs 21.6 ± 1.9 pM for dasatinib). Since it has been reported
that cleavable linkers may enhance the efficacy of antibody drug
conjugates,31−33 we also prepared a dasatinib disulfide-cleavable
linker 2, which consists of a peptide spacer unit to increase
solubility,31,33 an alkoxyamine group for conjugation, and a

Figure 1. (A) Crystal structure of trastuzumab Fab (PDB code: 1N8Z).
CDR3H of trastuzumab is labeled in red, and the side chains of Arg98
and Asp108 are marked. (B) A graphic representation of anti-CXCR4
antibody (HLCX) design. A disulfide cross-linked CXCR4-specific β-
hairpin peptide (red) stabilized by an antiparallel β-stranded linker
(blue) was engineered onto the CDR3H loop of trastuzumab. Flow
cytometry histogram showing the binding of HLCX to (C) CXCR4-
expressing Jurkat T cells, (D) CXCR4-negative MDA-MB435 cells, and
(E) HER2-transfected MDA-MB435 cells. (F) Measurement of binding
affinity betweenHLCX and human CXCR4 by a Tag-lite HTRF binding
assay.

Figure 2. Confocal microscopy of internalization of anti-CXCR4
antibodies labeled with Alexa Fluor 488. Human T cells were incubated
with 50 nM HLCX-AF488 for 30 min at (A) 37 °C or (B) 4 °C, (C) 50
nM 12G5-AF488 at 37 °C, or (D) 50 nM HLCX-AF488 at 37 °C in the
presence of 1 μM HLCX. Cells were then fixed, stained with Hoechst
dye (blue, nucleus), Alexa Fluor 594-conjugated wheat germ agglutinin
(red, membrane), and imaged with a Leica 710 confocal microscope. Bar
= 2 μm.
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disulfide bond to be selectively cleaved inside cells to release the
amino-substituted dasatinib derivative (which has a two-fold
higher Kd relative to dasatinib (Figure S10)) (Scheme S2).34

Next we developed a versatile two-step coupling procedure for
the synthesis of the ADC (Scheme 1). The first step involved
nonspecific derivatization of the lysyl amino groups of the
antibody with S-4FB linker (Solulink), followed by desalting
chromatography to introduce aryl aldehydes in a stoichiometry
of about three aldehydes to one antibody. Themodified antibody
was then reacted with a 30-fold excess of aminooxy-derived
dasatinib linker compounds at 37 °C for 24 h in >95% yield as
determined by ESI−MS. The resulting antibody conjugates with
the noncleavable linker and disulfide-cleavable linkers, des-
ignated as HLCX-dasatinib and HLCX-SS-dasatinib, respec-
tively, were then purified by size exclusion chromatography
(Superdex-200). SDS-PAGE (Figure S7) and ESI−MS (Figure
S8) showed that the dasatinib ADCs were >90% pure with a
DAR of ∼3 and have the expected molecular weights.
To evaluate their in vitro activity, the two ADCs were

incubated with freshly isolated human T cells that were
stimulated with anti-CD3/anti-CD28 antibodies.11 T cells
express CD69 surface antigen during early stage activation and
gradually express an increasing amount of CD25 as stimulation
continues.35 Simultaneously, cytokines such as IL-2, TNFα, and
IFNγ are secreted by T cells to promote their proliferation as well
as help activate other accessory cells.11 Analysis by flow
cytometry (Figure S11) and ELISA (Figure 3A) showed that
both ADCs significantly inhibited CD69/CD25 expression and
suppressed cytokine secretion; HLCX-SS-dasatinib was effica-
cious at concentrations as low as 8 nM. In contrast, the
unconjugated HLCX antibody displayed minimal effects (EC50 >
200 nM). HLCX-SS-dasatinib was about two-fold more potent
than HLCX-dasatinib in suppressing IL-2 (EC50 = 12.7± 5.8 nM
vs 32.1± 11.3 nM), TNFα (EC50 = 26.3± 9.0 nM vs 66.1± 30.5
nM), and IFNγ (EC50 = 58.7 ± 28.6 nM vs 123.5 ± 43.3 nM)

(Figure 3A, Figure S12). This relatively small difference in
activity could be due to differences in the efficiencies of
internalization and/or drug release, differences in the potencies
of the dasatinib analogues, or differences in drug residence times
in the cell. However, to ensure that the increased potency of
HLCX-SS-dasatinib is not due to premature release of dasatinib
outside the cells, we conjugated the disulfide cleavable dasatinib
to a control antibody, trastuzumab, in a similar manner as above
and evaluated its activity in cytokine secretion assays.
Trastuzumab-SS-dasatinib showed negligible effects at concen-
trations up to 200 nM, whereas dasatinib itself completely
suppressed cytokine secretion (EC50s ≈ 0.2−1.6 nM) (Figure
S13). Additionally, to rule out the possibility that the observed
immunosuppression is due to an unexpected cytotoxic activity,
the viability of T cells was also measured using CellTiter Glo
(Figure S12B). As compared to untreated T cells, the activated T
cells did not show any significant loss in viability after incubation
with either dasatinib or ADCs at concentrations up to 200 nM.
Although suppression of T-cell activation by the dasatinib-

ADCs is CXCR4-dependent, we wanted to confirm that the
underlying activity is due to inhibition of Lck by dasatinib. To
this end, Western blot analysis was carried out to examine the
phosphorylation of downstream kinases during TCR-induced T-
cell activation (Figure 3B). As shown in lane 1, TCR activation
occurs after T cells are cross-linked with OKT3 at 37 °C.
Dasatinib, as a positive control, efficiently blocked Lck-mediated
phosphorylation of tyrosine on multiple kinases including
ZAP70 (lane 2). As indicated in lane 4, HLCX-SS-dasatinib
(100 nM) also blocked Lck signaling, whereas HLCX itself (lane
3) and trastuzumab-SS-dasatinib (negative control) displayed
negligible effects (lane 5). Taken together, suppression of T-cell
activation by HLCX-SS-dasatinib ADC is both antibody and
small-molecule dependent, which suggests that a relatively

Scheme 1. Synthesis of HLCX-Based Antibody Drug
Conjugates

Figure 3. Inhibition of TCR-mediated activation of human T cells. (A)
Inhibition of cytokine secretion (Interleukin-2 and TNFα) of αCD3/
αCD28-activated T cells by dasatinib (positive control, EC50s ≈ 0.2−1
nM), unconjugated HLCX (negative control), HLCX-dasatinib non-
cleavable ADC (EC50 for IL-2, 32.1 ± 11.3 nM; EC50 for TNFα, 66.1 ±
30.5 nM), and HLCX-SS-dasatinib cleavable ADC (EC50 for IL-2, 12.7
± 5.8 nM; EC50 for TNFα, 26.3 ± 9.0 nM). (B) Western blot for TCR
complex signal transduction. T cells were stimulated without compound
treatment (lane 1) or in the presence of 100 nM dasatinib (lane 2),
HLCX (lane 3), HLCX-SS-dasatinib ADC (lane 4), or trastuzumab-SS-
dasatinib (lane 5) at 37 °C, then immediately lysed. Proteins were
separated on SDS-PAGE, transferred to PVDF membrane, and probed
with pan antiphosphotyrosine antibody. eIF4E served as the loading
control.
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promiscuous kinase inhibitor can be successfully delivered to T
cells by the anti-CXCR4 antibody HLCX.
In conclusion, we have developed a novel ADC using a

humanized CXCR4-specific IgG with an elongated CDR3H that
was nonspecifically conjugated to dasatinib derivatives via both
cleavable and noncleavable linkers. These ADCs are able to
selectively deliver dasatinib to human T cells with excellent in
vitro immunosuppressive activity, which is likely in part due to
the high potency of the parent kinase inhibitor. The in vivo
efficacy of the anti-CXCR4-dasatinib conjugate was not
evaluated in rodents due to significant differences in CXCR4
expression in rodent versus human T cells.36 Further evaluation
of the conjugates in a more advanced surrogate model (e.g.,
cynomolgus monkeys) will be required to determine its
therapeutic potential as a tissue-targeted immunosuppressive
drug with the potential for improved efficacy and safety. In
addition, we are comparing the activity of these ADCs with
ADCs site-specifically modified with dasatinib.27 Finally, this
work suggests that the ADC strategy has applicability beyond the
field of oncology as a route to improve the selectivity of highly
potent biologically active small molecules including kinase
inhibitors.
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