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Abstract

Stem cell therapy is one of the promising strategies for the treatment of ischemic heart disease.
However, the clinical application of stem cells transplantation is limited by low cell engraftment in
the infarcted myocardium. Taking advantage of pretargeting and bioorthogonal chemistry, we
engineered a pretargeting and bioorthogonal chemistry (PTBC) system to capture endogenous
circulating stem cells and target them to the injured heart for effective repair. Two bioorthogonal
antibodies were i.v. administrated with a pretargeting interval (48 h). Through bioorthogonal click
reaction, the two antibodies are linked /7 vivo, engaging endogenous stem cells with circulating
platelets. As a result, the platelets redirect the stem cells to the injured heart. /n vitroand /n vivo
studies demonstrated that bioorthogonal click reaction was able to induce the conjugation of
platelets and endothelial progenitor cells (EPCs) and enhance the binding of EPCs to collagen and
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injured blood vessels. More importantly, in a mouse model of acute myocardial infarction, the /n
vivo results of cardiac function, heart morphometry, and immunohistochemistry assessment all
confirmed e ffective heart repair by the PTBC system.
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Acute myocardial infarction (AMI) remains a leading cause of mortality and morbidity
around the world.! During an AMI, blood flow to the heart muscle is abruptly cut off,
causing death of cardiomyocytes. A major MI can subsequently lead to heart failure. Once
failure occurs, the only option left is heart transplantation.? Cardiac cell therapy is a
promising option, yet its clinical efficacy has been marginal due at least in part to low cell
engraftment and entrapment in the lung after intravenous delivery.3-8 In the meanwhile,
endogenous stem cells are released from the bone marrow as a natural response to the Ml
injury.” However, this natural repair process is insufficient because of inadequate homing of
the stem cells to the injured heart, even in the presence of bone-marrow-stimulating agents
such as granulocyte colony-stimulating factor (G-CSF).8:2

We designed a pretargeting/bioorthogonal conjugation (PTBC) system to achieve
endogenous cell-mediated heart repair without cellular transplantation (Scheme 1).
Bioorthogonal click reaction is extremely selective, versatile, and biocompatible and has
been indicated as an efficient chemical reaction for numerous biological applications.10-12
CD34 antibodies (binding to endogenous stem cells) and CD41 antibodies (binding to
platelets, which target the MI area) were first modified using bioorthogonal azide and
dibenzocyclooctyne (DBCO) attached poly(ethylene glycol) (PEG) derivative, respectively.
Next, to address the limitations of bispecific antibodies (BsAb), we introduce the concept of
pretargeting, in which these two bioorthogonal antibodies were i.v. administrated with a
pretargeting interval (48 h): CD41 attached DBCO polymer (DBCO-PEG-CDA41) will
pretarget platelets and inherently accumulate on the Ml area owing to the homing ability of
platelets.13.14 After the pretargeting interval, azide-modified CD34 (Az-PEG-CD34) is given
and will recognize and bind to endogenous stem cells. Then azide groups on the stem cells
will recognize and react with DBCO groups on platelets. Thus, via bioorthogonal click
reaction, endogenous stem cells are engaged with platelets. The attached platelets will
“piggyback” the stem cells and accumulate them in the infarcted area for cardiac repair. Our
PTBC system will provide a theoretical and experimental foundation in the field of heart
disease therapy.
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RESULTS AND DISCUSSION

Fabrication of Bioorthogonal Antibodies.

Pretargeting and bioorthogonal capturing antibodies were produced by covalent conjugation
of antibodies to two bioorthogonal hetero PEG derivatives (DBCO-PEG-NHS and Azide-
PEG-NHS). DBCO and azide groups were chosen because they are extremely selective.
Since CD41 antibodies could bind to platelets, we first conjugated CD41 antibodies with
DBCO-PEG-NHS and obtained a pretargeting group (DBCO-PEG-CD41). CD34 antibodies,
recognizing circulating CD34-positive stem cells, were reacted with Az-PEG-NHS to give
bioorthogonal capturing antibodies (Az-PEG-CD34). SDS-PAGE was performed to confirm
the successful conjugations (Figure 1A). Polymer-madified antibodies ran slowly, and both
the DBCO-PEG-CD41 and Az-PEG-CD34 antibody—polymer conjugations were determined
by the absence of discrete free protein bands in the SDS-PAGE gels in contrast to native
antibodies. In addition, to prove the targeting capability of CD34 and CD41, we also
generated two bioorthogonal 1gG—polymer building blocks as negative controls (Figures S1
and S2). Moreover, we directly conjugated DBCO-PEG-CD41 with Az-PEG-CD34 to
generate BsAb, as another control agent. SDS-PAGE results showed a low mobility,
confirming the presence of BsAb. Furthermore, CD34 and CD41 antibodies with different
sources were bioorthogonally conjugated, and we could use gold nanoparticle-labeled
secondary antibody to detect BsAb. As shown in Figure S3, the presence of 10 nm gold
nanoparticles around the surface of 40 nm gold nanoparticles suggested successful click
reaction.

Characterization of Bioorthogonal Conjugation in Vitro.

We then confirmed that polymer-modified antibodies showed excellent immunoreactivity
and could mediate bioorthogonal conjugation by click reaction. We first tested if the Az-
PEG-CD34 could bind to CD34-positive cells and generate Az groups on the surface of stem
cells. Endothelial progenitor cells (EPCs) were incubated with Az-PEG-CD34. And then
Alexa Fluor 647 DIBO alkyne and DBCO-attached gold nanoparticles (40 nm) were used to
detect Az groups. Alexa Fluor 647 fluorescence could be detected on the membrane of EPCs
(Figure 1B). In contrast, Alexa Fluor 647 DIBO alkyne alone could not stain the EPCs. In
addition, DBCO-labeled gold nanoparticles (40 nm) were also synthesized to detect the Az
groups on EPCs using scanning electron microscopy (SEM) (Figure 1C). Fluorescein (FAM)
azide was then introduced to test the DBCO groups on the cell surface. As expected, DBCO-
PEG-CD41-treated platelets displayed DBCO groups on the surface (Figure S4). Finally, the
direct conjugation of platelets and EPCs mediated by bioorthogonal Az-PEG-CD34 and
DBCO-PEG-CD41 was confirmed using cryo-SEM and SEM. As shown in Figures 1D and
S5, SEM images revealed that Az-PEG-CD34-pretreated EPCs were indeed covered with
DBCO-PEG-CD41-treated platelets. Microscopy images were consistent with the SEM
results, as there was an overlay between Dil (1,1’-dioctadecyl-3,3,3’,3’-
tetramethylindocarbocyanine per-chlorate) (red, EPCs) and DiO (3,3-
dioctadecyloxacarbocyanine perchlorate) (green, platelets), suggesting that platelets were
attached to EPCs (Figure S6). As a control, platelets without pretreatment showed minimal
binding to EPCs. These compound data sets confirmed that the pretargeting DBCO groups
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on platelets could be efficiently captured by Az-PEG-CD34-treated EPCs through
bioorthogonal click reaction.

Assessment of Binding Ability.

To test the potency of the PTBC system in vitro, we evaluated EPC attachment on human
umbilical vein endothelial cells (HUVECS) and collagen-coated surfaces (Figure S7A and
B). We found that the phosphate-buffered saline (PBS), DBCO-PEG-CD41&Az-PEG-1gG
(only pretargeting, PT), and DBCO-PEG-1gG&Az-PEG-CD34 (no pretargeting but only
bioorthogonal conjugation, BC) groups exhibited only negligible levels of binding to
collagen-coated surfaces. In contrast, PTBC produced a robust binding efficiency to
collagen-coated surfaces. We also tested PTBC using ex vivo injured blood vessels. Mice
aorta was isolated and surgically scraped to expose the subendothelial matrix. Figure S7C
shows negligible Dil-labeled EPCs were bound to control (nondenuded) aortas. As expected,
the PTBC system induced an efficient binding to denuded aorta in contrast to other control
groups (Figure S7D). Similar results were confirmed in the presence of whole blood (Figure
S7E).

Homing of Endogenous Stem Cells to the Infarct by PTBC.

Therapeutic

Before animal studies, we further tested whether our PTBC system is pro-thrombotic. From
the aggregometry results, we found the presence of PTBC did not cause thrombosis (Figure
S8). We then went ahead to test the safety and efficacy of PTBC in a rodent model of AMI.
It is well established that cytokines/growth factors such as G-CSF or VEGF can stimulate
the release of CD34-positive stem cells from the bone marrow into the circulation.1®16 To
maximize the numbers of EPCs for targeting, G-CSF was preadministrated before PTBC
treatment (Figure 2A). Increases in CD34-positive cells in the blood were confirmed (Figure
2B). We then evaluated the targeted binding ability of DBCO-PEG-CDA41 to platelets /n
vivo. The enhanced accumulation in the Ml area owing to the injury-homing ability of
platelets was demonstrated. Cy5-Az was used as a detection probe, and Figure 2C and D
show most of the DBCO groups were found to accumulate on the heart tissue, indicating that
platelets transported the attached DBCO-PEG-CDA41 to Ml and reacted with Cy5-Az. As a
control, administrating Cy5-Az alone resulted in the accumulation of dyes on the kidney,
which was mainly attributed to the renal clearance of small molecules. These results
indicated that DBCO-PEG-CD41 had the ability to bind to platelets /7 vivo and accumulated
on the M1 area. Furthermore, to confirm the PTBC system was superior to the traditional
stem-cell-based therapeutic method, we also performed i.v. injection of DiR-labeled and Az
group anchored EPCs. As shown in Figure 2E and F, the EPCs mainly remained in the lung,
which was consistent with previous work in which stem cells were easily trapped in the
lungs after i.v. injection. In addition, we also found large assemblies were formed owing to
the surplus of DBCO groups on platelets and Az groups on EPCs. Platelets and stem cells
may conjugate together and clog the blood vessels (Figure S9).

Effects of PTBC in a Mouse Model of MI.

To test the therapeutic potential of our PTBC system /in vivo, MI mice were randomized into
four groups with various treatments (Figure 3A). Previous work indicated that adult
cardiomyocytes had extremely limited capacity to proliferate /7 vivo.l” Ki67 was expressed
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in cycling cells in G1, S, G2, and early mitosis.® A large number of cardiomyocytes (CM)
underwent proliferation and cell cycle re-entry within the infarct region after PTBC
treatment (Figure 3B and C). Interestingly, PTBC treatment showed a higher ability to
promote CM proliferation (about 2.5-fold) than that of the BsAb group. Furthermore, von
Willebrand Factor (VWF) were also stained to analyze microvascular angiogenesis. As could
be seen in Figure 3D and E, we found the number of blood vessels increased in the scar area
of the heart, indicating that infusion of PTBC promoted angiogenesis in the post-MI heart.
In addition, cardiac morphology, fibrosis, and pump function were also evaluated. Left
ventricular ejection fractions (LVEFs) and farctional shortening (FS) were measured at
baseline (4 h postinfarct) and 4 weeks afterward (Figure 3F and G). In addition,
echocardiography measurement analysis was performed, and the results showed
significantly improved LVEF and FS values in the PTBC-treated mice compared to control
groups at 4 weeks post-MI. Masson’s trichrome-staining revealed significantly attenuated
interstitial and perivascular fibrosis compared with control-injected hearts (Figure 4A and
B). Moreover, susceptible organs including liver, spleen, lung, and kidney were unaffected
after treatment with PTBC, indicating good biocompatibility of the system (Figure S10).
Taken together, these data suggested the regenerative/reparative potential of the PTBC
system for treating ischemic heart diseases.

Mechanisms Underlying the Therapeutic Benefits of PTBC.

Finally, to study the possible mechanisms underlying the therapeutic benefits of PTBC,
DBCO-PEG-CD41-pretargeted hearts were harvested after 48 h, and their distribution in the
injured hearts was studied using FAM-Az. Figure 4C and D show a large amount of green
fluorescence from conjugated FAM was detected in the infarct region, which indicated the
DBCO-PEG-CD41 might be transported by the MI-homing platelets. To further confirm our
hypothesis that more endogenous stem cells were accumulated on the MI area treated by our
PTBC system, the number of CD34-positive cells was analyzed (Figure 4E and F). Immuno-
fluorescence staining indicated that endogenous CD34 cells were recruited to the infarcted
heart. Pretargeting antibodies were first bound to platelets and transported to MI, and then
capturing antibodies bound to endogenous CD34 cells helped engage the CD34 cells with
platelets in the infarcted heart. Moreover, PTBC administration did not exacerbate the
infiltration of CD8-positive T cells and CD68-positive macrophages in the post-MI heart
(Figure S11 and Figure S12).

CONCLUSIONS

Targeting therapeutic cells to the infarcted heart has been a challenging practice.19-21
Previously, our group has employed multiple modalities to tackle this problem, from
magnetic targeting strategies?28 to peptide targeting,23 and more recently to the uses of
biomimetic approaches utilizing the binding motif on platelets.1424 Taking advantage of
pretargeting and bioorthogonal chemistry, here we designed a two-step capturing strategy to
recruit endogenous stem cells to the injured heart. Several aspects of our study are
innovative. First, pretargeting, which was originally developed for tumor
immunoscintigraphy to improve tumor-to-normal tissue contrast ratios, was introduced into
the practice of regenerative medicine and endogenous cell therapy; second, bioorthogonal
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chemistry with highly selective, versatile, and biocompatible properties would ensure the
second capturing antibodies efficiently reacted with DBCO groups in the infarct heart; third,
invasive intramyocardial injections were avoided by relying on the homing of endogenous
cells; last but not the least, PTBC was a cell-free capturing and homing system, and lung
entrapment seen in conventional intravenous cell therapy could be avoided. Our study
provided a promising cell-free approach to promote myocardial repair after acute M.
However, our study had several limitations. The use of whole antibody may provoke an
immune reaction of the body owing to the presence of Fc fragments. Future studies should
focus on more biocompatible agents such as Fab and ScFv to construct the PTBC system.
For clinic applications, most of the acute MI patients would receive percutaneous coronary
intervention (PCI) to dredge the occluded coronary artery. Combining the traditional PCI
with our PTBC system may induce a higher therapeutic efficiency, as PCI reanalyzed the
culprit vessel while the PTBC system recruited stem cells to the infarct for effective post-Ml
repair.

EXPERIMENTAL SECTION
Fabrication of CD34 and CD41 Bioorthogonal Antibodies.

CD34 and CDA41 antibodies were first reacted with Az-PEG-NHS and DBCO-PEG-NHS by
—-NH, and NHS acylation reaction. Equimolar CD34 and Az-PEG-NHS or CDA41 and
DBCO-PEG-NHS were mixed together and reacted at 4 °C for 24 h. Then the unreacted Az-
PEG-NHS and DBCO-PEG-NHS were removed by centrifugation using an Amicon
Ultra-0.5 filter (100 kDa) to give the bioorthogonal Az-PEG-CD34 and DBCO-PEG-CD41.
The bispecific antibodies were also synthesized as a control. The successful conjugation was
proved using SDS-PAGE and transmission electron microscopy (TEM).

Confirmation of Binding Ability to EPCs.

A total of 1 x10% CD34-positive EPCs (Cell Biologics, Chicago, IL, USA) were seeded on
four-well culture chamber slides and stained using DiO. Then 2 (g of Az-PEG-CD34 was
mixed with EPCs for 4 h. The group without Az-PEG-CD34 was also carried out as a
control. After incubation, the cells were then washed three times with PBS, Alexa Fluor 647
DIBO alkyne (2 1g) was added, and the mixture was incubated for another 1 h. After
incubation, the cells were then washed with PBS three times, 500 zL of fixing solution was
added to each well for 30 min, and finally the images were captured using a Nikon confocal
fluorescent microscope. To further confirm the presence of azide groups on the surface of
EPCs after Az-PEG-CD34 binding, DBCO-labeled gold nanoparticles (40 nm) were added
to recognize and react with azide groups on EPCs. After 1 h of incubation, the unreacted
DBCO-labeled gold nanoparticles were removed, the EPCs were dehydrated gradually, and
cells were imaged by SEM. The DBCO-labeled gold nanoparticles were obtained from the
reaction of amino-modified gold nanoparticles with DBCO-PEG-NHS.

Confirmation of Binding Ability to Platelets.

Murine platelets were isolated as we have described previously. A total of 106 platelets were
incubated with 2 1g of DBCO-PEG-CDA41 at 37 °C for 2 h. The unbound DBCO-PEG-
CDA41 was removed by centrifugation at 600g for 8 min. The presence of DBCO groups was
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reacted with an azide-modified fluorescent dye, FAM-Az, and detected using a Nikon
fluorescent microscope.

Conjugation of P-DBCO to EPC-Az.

The biorthogonal conjugation of platelets to EPCs was then conducted. P-DBCO and EPC-
Az were mixed together and incubated at 37 °C for 2 h. The unbound P-DBCO was removed
by centrifugation at 400¢g for 3 min. The P-EPC was imaged by both SEM and cryo-SEM. In
addition, we also confirmed the bioorthogonal conjugation of platelets to EPCs using
fluorescent microscopy. P-DBCO was labeled with DiO, and the EPC-Az was seeded on
four-well slides, stained with Dil, and then mixed together. After 2 h, the unreacted P-DBCO
underwent centrifugation at 600g for 8 min and removed by centrifugation at 400¢g for 3
min. The platelet-attached EPCs were detected using a Nikon fluorescent microscope.

Collagen Surface Binding Assay.

GFP-tagged HUVECs (Angio-Proteomie, Boston, MA, USA) were cultured on collagen-
coated slides according to our previous work.1* Platelets (10%) were first added to all
chambers. We designed four groups to show the enhanced binding efficiency using PTBC
systems. (1) DBCO-PEG-CD41 was added and incubated for 30 min. After removing the
unattached DBCO-PEG-CD41, Az-PEG-CD34 was mixed for another 30 min. Finally, Dil-
labeled EPCs were added. (2) DBCO-PEG-CD41 was added and incubated for 30 min. After
washing with PBS, Az-PEG-IgG was added and incubated for another 30 min. Finally, Dil-
labeled EPCs were added. (3) DBCO-PEG-IgG was added and incubated for 30 min. After
removing the unattached DBCO-PEG-IgG, Az-PEG-1gG were mixed for another 30 min.
Finally, Dil-labeled EPCs were added. (4) EPCs were added alone. Next, the cells were
imaged using fluorescence microscopy. Attached EPCs were quantified.

Denuded Aorta Binding Assay.

To test enhanced binding of EPCs on denuded vascular by PTBC systems, C57BL/6 mice
aortas were dissected and surgically scraped on their luminal side with forceps to remove the
endothelial layer. Platelets (106) were first added to control or denuded aortas. We designed
four groups to show the enhanced binding efficiency using PTBC systems. (1) DBCO-PEG-
CDA41 was mixed for 30 min. After removing the unattached DBCO-PEG-CDA41, Az-PEG-
CD34 was added for another 30 min. Finally, Dil-labeled EPCs were added. (2) DBCO-
PEG-CD41 was incubated for 30 min followed by washing with PBS. Az-PEG-IgG were
then incubated for another 30 min. Finally, Dil-labeled EPCs were added. (3) DBCO-PEG-
1gG were mixed for 30 min. After washing with PBS, Az-PEG-1gG were mixed for another
30 min. Finally, Dil-labeled EPCs were added. (4) EPCs were added alone. Both injured and
normal aortas were mixed with Dil-labeled P-EPC or EPCs for 5 min. After PBS washing,
samples were taken using fluorescence microscopy for the examination of cell binding.

G-CSF Treatment for CD34 Cell Release.

C57 mice were i.v. given G-CSF (50 wg/day, n= 4 animals per group). After 1and 2 d
intervals, the blood was drawn and the red blood cells were lysed. FITC-tagged anti-mouse
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CD34 antibodies (eBioscience) were then used to stain CD34-positive stem cells analyzed
using FACS.

Evaluation of PTBC’s Capturing Ability in Whole Blood.

In brief, whole blood was collected from the C57BL/6 mice. The Az-PEG-CD34 attached
EPCs (10°) were then stained using DiD and mixed with 1 mL of whole blood. Then PBS,
DiO-labeled platelets, and DBCO-PEG-CD41-pretreated DiO-labeled platelets were mixed
for 30 min. Then RBCs were lysed, and the samples were analyzed using flow cytometry.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Physiochemical and biological properties of bioorthogonal antibody-PEG derivatives. (A)

SDS-PAGE. (B) Binding of Alexa Fluor 647 DIBO alkyne to the Az-PEG-CD34 attached
EPCs. (C) SEM images of Az-PEG-CD34 attached EPCs and EPCs incubated with DBCO-
PEG-maodified gold nanoparticles. (D) SEM confirmed the conjugation of platelets to EPCs
by click reaction. Scale bar, 20 gm for B, 0.5 um for C, and 1 zm for D.
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Figure2.

Bioorthogonal reaction increases the homing of endogenous stem cells to the infarcted heart.

(A) Schematic showing animal imaging study design. (B) Representative flow cytometry
plot confirming the release of CD34-positive stem cells by G-CSF treatment. (C) Ex vivo
fliorescent imaging of MI mice 48 h after i.v. injection of DBCO-PEG-CDA41 followed with
Cy5-Az (24 h interval), Cy5-Az alone, and PBS. (D) Quantitative anaysis. (E) £x vivo
fluorescent imaging of MI mice 48 h after i.v. injection of DBCO-PEG-CD41 followed with
DiR-labeled EPCs (24 h interval), EPC-DIR alone, and PBS. (F) Quantitative analysis. Lu,
H, Li, S, and K indicate the lung, heart, liver, spleen, and kidney, respectively, 7= 4 animals
per group, all data are mean + SD. ** indicates p < 0.01; ## indicates p < 0.005.
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Figure 3.

PTBC treatment promotes angiomyogenesis and boosts cardiac function in mice with MlI.
(A) Schematic showing animal study design. (B) Images showing Ki67-positive
cardiomyocyte nuclei in control PBS-, DBCO-PEG-1gG followed with Az-PEG-CD34 (BC),
BsAb or DBCO-PEG-IgG followed with Az-PEG-CD34 (PTBC)-treated hearts. (C)
Quantitative analysis of Ki67-positive nuclei. (D) Representative micrographs showing
VWEF-tagged vessels (green) treated by control PBS-, DBCO-PEG-1gG followed with Az-
PEG-CD34 (BC), BsAb or DBCO-PEG-IgG followed with Az-PEG-CD34 (PTBC)-treated
hearts at 4 weeks. (F, G) LVEFs and LVFSs measured by echo at baseline (4 h post-MI) and
4 weeks later (7= 4 animals per group). All data are mean + SD. Scale bar, 40 ym. PTBC
group vsthe other three groups; * indicates p < 0.05.
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Figure 4.
PTBC enriches endogenous stem cells in the infarct and ameliorates ventricular remodeling.

(A) Masson’s Trichrome staining of heart sections 4 weeks after treatment. (B) Quantitative
analysis of viable myocardium from the Masson’s trichrome images. (C) Targeting ability of
DBCO-PEG-IgG (BC) and DBCO-PEG-CD41 (PTBC) to MI. Scale bar, 50 ym. (D)
Quantitative analysis of fuorescent intensity from C. (E) Representative images showing
CD34-positive cells in control PBS-, DBCO-PEG-1IgG followed with Az-PEG-CD34 (BC),
BsAb or DBCO-PEG-IgG followed with Az-PEG-CD34 (PTBC)-treated hearts at 4 weeks.
(F) Quantitative analysis of the numbers of CD34-positive cells (7= 4 animals per group).
All data are mean + SD. Scale bar, 10 z/m, PTBC group vs other groups, ** indicates p <
0.01.
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Scheme 1.
Schematic showing the synthesis of two bioorthogonal antibodies.
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