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Abstract

Background: Adoptive T cell transfer-based immunotherapy yields unsatisfactory results in the treatment of solid
tumors, partially owing to limited tumor infiltration and the immunosuppressive microenvironment in solid tumors.
Therefore, strategies for the noninvasive tracking of adoptive T cells are critical for monitoring tumor infiltration and
for guiding the development of novel combination therapies.

Methods: We developed a radiolabeling method for cytotoxic T lymphocytes (CTLs) that comprises metabolically
labeling the cell surface glycans with azidosugars and then covalently conjugating them with ®*Cu-1,4,7-triazacyclo-
nonanetriacetic acid-dibenzo-cyclooctyne (**Cu-NOTA-DBCO) using bioorthogonal chemistry. %*Cu-labeled control-
CTLs and ovalbumin-specific CTLs (OVA-CTLs) were tracked using positron emission tomography (PET) in B16-OVA
tumor-bearing mice. We also investigated the effects of focal adhesion kinase (FAK) inhibition on the antitumor
efficacy of OVA-CTLs using a poly(lactic-co-glycolic) acid (PLGA)-encapsulated nanodrug (PLGA-FAKIi).

Results: CTLs can be stably radiolabeled with ®*Cu with a minimal effect on cell viability. PET imaging of ®*Cu-OVA-
CTLs enables noninvasive mapping of their in vivo behavior. Moreover, %*Cu-OVA-CTLs PET imaging revealed that
PLGA-FAKi induced a significant increase in OVA-CTL infiltration into tumors, suggesting the potential for a combined
therapy comprising OVA-CTLs and PLGA-FAKI. Further combination therapy studies confirmed that the PLGA-FAKi
nanodrug markedly improved the antitumor effects of adoptive OVA-CTLs transfer by multiple mechanisms.

Conclusion: These findings demonstrated that metabolic radiolabeling followed by PET imaging can be used to
sensitively profile the early-stage migration and tumor-targeting efficiency of adoptive T cells in vivo. This strategy
presents opportunities for predicting the efficacy of cell-based adoptive therapies and for guiding combination
regimens.
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Introduction

Cell-based therapies, such as the adoptive cell transfer
of engineered T cells and natural killer cells, represent
promising strategies in cancer immunotherapy. An exam-
ple of such a strategy is the successful use of CD19-spe-
cific chimeric antigen receptor T cells (CAR-T cells) in
the treatment of patients with relapsed B-cell lymphoma
and acute lymphoblastic leukemia [1, 2]. However, while
successful in hematological cancers, the application of
CAR-T cell therapy in solid tumors is generally disap-
pointing [3, 4]. There are many obstacles that hinder
the effective treatment of solid tumors using CAR-T
cells, such as a limited choice of target antigens for solid
tumors [5], barriers to effective T-cell infiltration into the
tumor [6, 7], and the abundance of immunosuppressive
cells in the tumor microenvironment [8, 9]. Therefore,
strategies to overcome these obstacles, such as combina-
tion therapies, may be necessary to improve the efficacy
of CAR-T cell therapy in solid tumors.

Focal adhesion kinase (FAK) is a non-receptor tyros-
ine kinase that exists at the integrin assembly site; it pro-
motes cellular signal transduction through extracellular
matrix protein interactions [10]. FAK increases tumor
cell proliferation by multiple mechanisms [11-13], and
FAK inhibitors can regulate the tumor microenvironment
to reduce fibrosis and promote immune surveillance
[14]. Recently, FAK inhibition was reported to overcome
the immunosuppressive tumor microenvironment and
increased cytotoxic T cell infiltration [15]. These findings
suggest that a combination therapy involving FAK inhibi-
tion may improve the efficacy of the adoptive cell transfer
of effector T cells. However, many of the currently used
FAK inhibitors are highly hydrophobic [16], thus limiting
their clinical applications. Therefore, nanomedicine strat-
egies, such as encapsulation with poly(lactic-co-glycolic)
acid (PLGA) nanoparticles or liposomes which are com-
posed by the United States Food and Drug Administra-
tion-approved agents, might expand the potential clinical
translation of FAK inhibitors.

To better guide T cell-based cancer immunotherapy,
spatial and temporal information about pharmacokinet-
ics and biodistribution should be dynamically monitored
in vivo following its administration [17]. Thus, the deliv-
ery dose of T cells can be optimized, effective combina-
tions can be selected, and possible off-target side effects
can be predicted. Currently, the clinically applied meth-
ods for monitoring CAR-T cells include serum profiling
of the cytokines associated with T cell activation and

examination of T cells in circulation or in the tumor
using invasive biopsies. However, these methods are
either limited in providing accurate whole-body infor-
mation on the location of T cells, or are invasive proce-
dures that cannot be repeated frequently [18]. Advanced
molecular imaging techniques, such as positron emission
tomography (PET) and single-photon emission com-
puted tomography (SPECT), are now paving the way
for noninvasive characterization and quantification of
biological processes in living subjects [19]. Cutting-edge
molecular imaging techniques would provide the poten-
tial for in vivo imaging of the dynamics of T cell transfer
in a highly sensitive manner.

Metabolic glycoengineering is a robust approach that
exploits biosynthesis to incorporate reactive functional
groups (e.g., azide-modified oligosaccharides) on the
surfaces of cells [20, 21]. Metabolically glycoengineered
cells can then be labeled by bioorthogonal click chem-
istry under physiological conditions without interfer-
ing with normal biological functions [22, 23]. In this
study, we hypothesized that metabolic glycoengineering
to express an azide group on the cell surface, followed
by bioorthogonal chemistry could be used to radiola-
bel cytotoxic T lymphocytes (CTLs). We thus radiola-
beled CTLs with ®*Cu using this strategy and evaluated
the in vivo behaviors of the resulting **Cu-labeled CTLs
(**Cu-CTLs) by noninvasive PET imaging. Because FAK
inhibition potentially promotes the infiltration of T cells
into tumors and enhance immune surveillance [15], we
investigated whether FAK inhibition using a PLGA nan-
odrug could improve the therapy efficacy of CTL-based
immunotherapy, and also assessed the feasibility of PET
imaging to predict their combinational therapy efficacy
(Fig. 1).

Results

Adoptive cell transfer of OVA-specific CTLs

has an antitumor effect

To investigate the potential antitumor effects of the adop-
tive transfer of CTLs, we first determined the in vitro
cytotoxic effect of CTLs on tumor cells. CTLs were iso-
lated from mice pretreated with either phosphate-buft-
ered saline (PBS) or OVA, and the dynamic interaction
between CTLs and B16-OVA cells was investigated using
fluorescence staining. Compared to the control-CTLs,
the ovalbumin-specific CTLs (OVA-CTLs) were gradu-
ally recruited to the surroundings of the tumor cells and
induced marked cytolysis (Additional file 1: Figure Sla).
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Fig. 1 Schematic overview of OVA-specific cytotoxic T lymphocyte (OVA-CTL)-based tumor imaging and therapy. The OVA-CTLs were metabolically
labeled with %/Cu, and injected into tumor-bearing mice for small-animal PET imaging. For the therapy studies, the OVA-CTLs were injected into
tumor-bearing mice with the combination of a PLGA-FAKi nanodrug (FAKi focal adhesion kinase inhibitor)
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Moreover, the co-culture of OVA-CTLs with B16-OVA
cells led to a notable increase in tumor cell death, as
determined by phosphatidyl inositol (PI) staining (Addi-
tional file 1: Figure S1b).

Next, we investigated the in vivo antitumor efficacy
of OVA-CTLs in the B16-OVA tumor-bearing mouse
model. As shown in Fig. 2a, compared to the control
group, both the control-CTLs and OVA-CTLs led to
tumor growth inhibition. The adoptive OVA-CTLs
group exerted a significantly higher tumor growth inhi-
bition effect than the control-CTLs group on day 14
(P<0.05). There was no evident body weight loss in any
of the groups (Fig. 2b), suggesting that adoptive CTL
therapy is well tolerated in mice. The survival curve
showed that treatment with OVA-CTLs led to improved
mouse survival compared to the survival of the control
and control-CTLs groups (P<0.05, Fig. 2c). These results
demonstrated the superior antitumor effects of the OVA-
specific CTLs compared to the control-CTLs in the treat-
ment of B16-OVA tumors.

To validate the specific accumulation of OVA-CTLs
in the B16-OVA tumors, we prepared IRDye680-labeled
CTLs and used fluorescence-activated cell sorting

(FACS) to examine the tumor-infiltrated CTLs. In vitro
cell binding studies confirmed that IRDye680-DBCO
can easily conjugate to the surface of CTLs pretreated
with Ac,ManNAz (Additional file 1: Figure S2a). We
then administered IRDye680-labeled CTLs to B16-OVA
tumor-bearing mice and analyzed single-cell suspensions
obtained from them using FACS. As shown in Fig. 2d, e,
there was a significantly higher proportion of CD3*CD8"
T cells in the OVA-CTLs group than in the control-CTL
group (12.43+£2.26% vs. 2.25+0.48%, P<0.01, Fig. 2e).
Among the sorted CD37CD8" T cells, there was a sig-
nificantly higher proportion of IRDye680-labeled CTLs
in the OVA-CTLs group than in the control-CTLs group
(12.10+£1.21% vs. 6.60+1.21%, P<0.05, Fig. 2f). These
results suggest that the OVA-specific CTLs were better
able to accumulate in the tumors than the control-CTLs,
which may explain why the OVA-CTLs had a signifi-
cantly higher antitumor effect than the control-CTLs.

Metabolic radiolabeling and PET imaging enable
noninvasive tracking of CTLs

Because the extent of accumulation of CTLs in the tumor
may be used to predict the antitumor efficacy of adoptive
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Fig. 2 Antitumor effect and tumor accumulation of adoptive OVA-specific cytotoxic T lymphocytes (OVA-CTLs) in B16-OVA tumor-bearing C57BL/6
mice. a—c Tumor growth curves (@), body weights (b), and survival curves (c) of B16-OVA tumor-bearing C57BL/6 mice after intravenous injection
of PBS (n=15), control-CTLs (5 x 10° cells every day for 4 days; n =6), or OVA-CTLs (5 x 10° cells every day for 4 days; n =6). (d-f) Representative
dot plots (d), quantification of CD8™ T cells (CD3TCD8™) (e), and the percentage of IRDye680-labled CTLs in CD3TCD8™ T cells (f) determined using
flow cytometric analysis of single-cell suspensions derived from B16-OVA tumors harvested from C57BL/6 mice (n=4/group) after the injection of
IRDye680-labeled control-CTLs or IRDye680-labeled OVA-CTLs. Data are presented as mean £ SD. *, P<0.05; **, P<0.01

CTLs therapy, we next sought to develop a noninvasive
PET imaging approach to track the in vivo tumor target-
ing of CTLs. To prepare radionuclide ®*Cu-labeled CTLs,
the CTLs were first pretreated with Ac,ManNAz to gen-
erate azide groups on their surfaces, and then labeled
with ®¥Cu-NOTA-DBCO (Fig. 1). The efficiency, speci-
ficity, and effects on CTL function of this approach were
then evaluated in vitro.

The recognition of specific antigens by T cells can
induce interferon-y (IFN-y) secretion [24]. We thus
examined IFN-y expression levels to explore the inter-
actions between CTLs and B16-OVA tumor cells and
found that the OVA-CTLs produced significantly higher
levels of IFN-y than the control-CTLs (P<0.0001, Addi-
tional file 1: Figure S2b). Moreover, pre-incubation with
Ac,;ManNAz, DBCO, or both Ac,ManNAz and DBCO
produced similar IFN-y expression levels to those pro-
duced by the OVA-CTLs (Additional file 1: Figure S2b),
suggesting that incubation with Ac,ManNAz and subse-
quent **Cu-NOTA-DBCO labeling had a negligible effect
on CTL function.

DBCO was labeled with ®*Cu using the chelator NOTA,
and **Cu-NOTA-DBCO exhibited favorable in vitro sta-
bility, with a radiochemical purity higher than 80% after
24 h in both PBS and fetal bovine serum (FBS) (Fig. 3a).
The significantly higher binding of **Cu-NOTA-DBCO
to CTLs that had been pre-incubated with Ac,ManNAz
than CTLs that had not been treated (32.66+6.22% vs.
9.28 +3.08%, P<0.05, Fig. 3b) indicated the specific bind-
ing of **Cu-NOTA-DBCO on the Ac,ManNAz-treated
CTLs.

Next, we determined the viability of CTLs after radiola-
beling with ®*Cu-NOTA-DBCO. The **Cu-labeled CTLs
had similar viability to the unlabeled CTLs up to 24 h
(Fig. 3c), and the efflux of free ®*Cu was less than 20%
after 48 h (Fig. 3d). This indicated the low cytotoxicity of
®*Cu labeling and the favorable stability of **Cu-labeled
CTLs. We also determined DNA damage in the radiola-
beled CTLs using YH2AX staining. As shown in Fig. 3e,
the DNA damage levels of ®*Cu-labeled CTLs increased
with time, and after 48 h reached similar levels to those
in the CTLs exposed to 3 Gy of external X-ray radiation.
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Then, the in vivo tracking of ®*Cu-labeled CTLs
was assessed using PET imaging. As shown in Fig. 3f,
there were high levels of accumulation in the livers of
both the mice injected with ®*Cu-labeled OVA-CTLs
and ®*Cu-labeled control-CTLs. There was a marked
increase in tumor accumulation in the B16-OVA
tumor-bearing mice that had been injected with ®*Cu-
labeled OVA-CTLs compared to those that had been
injected with ®*Cu-labeled control-CTLs. To validate
the accuracy of noninvasive PET imaging, ex vivo bio-
distribution studies were performed at 36 h postinjec-
tion. Consistent with the PET observations, the tumor
uptake (1.76 £0.52%ID/g vs. 0.56 = 0.12%ID/g, P < 0.05;
Additional file 1: Figure S3a) and tumor-to-muscle
ratios (1.7940.26 vs. 0.934+0.17, P<0.01; Additional
file 1: Figure S3b) of the ®*Cu-labeled OVA-CTLs were
significantly higher than those of the °!Cu-labeled
control-CTLs.

PET imaging reveals increased tumor accumulation

of OVA-CTLs in the tumors of mice treated with the FAKi
nanodrug

Given the unsatisfactory antitumor effect of OVA-CTLs
alone, we sought to develop a combination strategy to
improve their efficacy. FAK is one of the major regula-
tors of the tumor microenvironment, and its inhibition
helps overcome tumor fibrotic and immunosuppressive
microenvironments [15], suggesting that FAK inhibition
may be used to increase the tumor infiltration of CTLs.
However, small-molecule FAK inhibitors exhibit unfa-
vorable in vivo pharmacokinetics. To this end, we encap-
sulated the FAK inhibitor PF-562271 with the PLGA
nanoparticles (Fig. 4a). The final nanodrug named PLGA-
FAKi had an average particle size of 57.144+8.56 nm,
which is slightly larger than that of the PLGA parti-
cles alone (51.67£9.48) (Fig. 4b, c). According to the
results of dynamic light scattering, the zeta potentials
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of PLGA and PLGA-FAKi were —12.5+4.5 mV and
—15.24+4.6 mV, respectively (Fig. 4d). The cumulative
release of PF-562271 from the PLGA-FAKi nanoparticles
was determined to be over 60% at 96 h (Fig. 4e).

Next, we performed PET imaging of ®Cu-labeled
OVA-CTLs to determine whether treatment with
PLGA-FAKi increases the accumulation of OVA-CTLs
in tumors. As shown in Fig. 4f, there was relatively lit-
tle accumulation of the ®!Cu-labeled OVA-CTLs in
the tumors. In contrast, the tumors in the PLGA-FAKi
treatment group were clearly visible after the injection
of ®*Cu-labeled OVA-CTLs, and there was high con-
trast with the contralateral background at both 24 and
32 h postinjection. The quantified tumor uptake values
(%ID/g) and tumor-to-muscle ratios of the %4Cu-labeled

OVA-CTLs in the PLGA-FAKi group were significantly
higher than those in the PLGA control group at both 24
and 32 h postinjection (Fig. 4g, h). These results dem-
onstrate that PLGA-FAKi treatment led to a marked
increase in the accumulation of OVA-CTLs in the tumors
of the B16-OVA tumor model.

The FAKi nanodrug improves the antitumor efficacy

of adoptive OVA-CTLs by modeling the tumor
microenvironment

To validate the PET imaging results for the **Cu-labeled
OVA-CTLs, we investigated a combination therapy com-
prising adoptive CTLs and PLGA-FAKi. As shown in
Fig. 5a, compared to the control group, PLGA alone did
not have any effect on tumor growth suppression, but
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tumor growth was slightly inhibited by the treatments
comprising PLGA-FAKi, OVA-CTLs, and OVA-CTLs
plus PLGA. In contrast, treatment with PLGA-FAKi fol-
lowed by adoptive OVA-CTL therapy had a more potent
inhibitory effect on tumor growth than treatment with
OVA-CTLs alone, PLGA-FAKi alone, or OVA-CTLs plus
PLGA (P<0.05). The body weights of the mice in the var-
ious groups did not change markedly (Fig. 5b), suggest-
ing no obvious toxicity associated with the combination
treatment of OVA-CTLs and PLGA-FAKi.

To further evaluate the effects of OVA-CTLs plus
PLGA-FAKi on tumor cell proliferation, we stained
the tumor tissues with Ki67. The tumors treated with
OVA-CTLs plus PLGA-FAKi had significantly fewer

proliferative cells than those treated with OVA-CTLs
alone, PLGA-FAKi alone, or OVA-CTLs plus PLGA
(P<0.05; Additional file 1: Figure S4; Fig. 5c), which con-
firmed the improved antitumor proliferation effects of
OVA-CTLs plus PLGA-FAKi.

Furthermore, we investigated the role of PLGA-FAKi
in the infiltration of immune cells into the tumor micro-
environment. As shown in Fig. 5d, there was a slight
increase in the proportion of CD4T T (CD3*tCD4%)
cells after PLGA-FAKi treatment, but the increase was
not statistically significant. In contrast, there was a sig-
nificant increase in the population percentage of CD8"
T (CD3*'CD8") cells, and a significant reduction in the
population percentage of Treg cells (CD4tFoxP3™)
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within the tumor when the mice were treated with
PLGA-FAKi (P<0.05; Fig. 5d). Moreover, the percentages
of M2 macrophages (F4/807CD206") and the M2/M1
ratios decreased significantly in the tumors treated with
PLGA-FAKi compared to the corresponding values in
those treated with PLGA alone (Fig. 5e). Taken together,
these results demonstrate that treatment with PLGA-
FAKi remodeled the immune inhibitory tumor microen-
vironment, thereby increasing the antitumor effect of the
adoptive OVA-CTL therapy.

To further investigate the mechanisms of PLGA-FAKi
with regard to the improved tumor suppression of OVA-
CTLs, we performed SPECT imaging using **™Tc-labeled
human serum albumin (**™Tc-HSA) as a tumor perfusion
marker. As shown in Fig. 6a, b, treatment with PLGA-
FAKi led to a significantly increased tumor uptake of
9mTe HSA at 24 h, which was further confirmed by opti-
cal imaging using IRDye800-labeled HSA (Additional
file 1: Figure S5a and S5b). This suggests that treatment
with PLGA-FAKi increased the microvascular permeabil-
ity of the tumors, thereby promoting the accumulation
of OVA-CTLs. Moreover, the expression of fibroblast
activation protein (FAP) was significantly reduced in the

Page 8 of 14

tumor tissues treated with PLGA-FAKi compared to the
expression of FAP in those treated with PLGA (P<0.01;
Fig. 6¢, d), and staining with Sirius Red also revealed a
notable decrease in tumor fibrosis in the PLGA-FAKi-
treated tumor sections (Fig. 6e).

Discussion

As one of the dominating approaches for cancer immu-
notherapy, T cell-based adoptive transfer exhibits
encouraging clinical results [25]. However, most of the
current T cell-based therapies in the clinical practice
are performed without knowing the in vivo distribution,
tumor-targeting efficiency, and fate of the transferred
cells [26]. Therefore, development of clinically available
methods for noninvasive and quantitative characteriza-
tion of the in vivo behaviors of adoptive transferred T
cells is essential to optimize the therapy regimens and
to predict the off-target toxicity. In this study, we estab-
lished a strategy for metabolic radiolabeling and PET
imaging of CTLs, and demonstrated its ability to track
the early migration and guide the combination treatment
regimens of CTL-based adoptive transfer therapy.
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Fig. 6 Effects of PLGA nanoparticle-encapsulated PF-562271 (PLGA-FAKI) treatment on the tumor microenvironment. a, b SPECT/CT images (a)
and quantified tumor uptake (b) of *™Tc-labeled human serum albumin in B16-OVA tumor-bearing C57BL/6 mice after treatment with PLGA
(n=3) or PLGA-FAKi (n =4). Tumors are indicated by dashed circles. c-e Immunofluorescence staining (c) and quantified fluorescence intensity
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In vivo PET imaging of T cell behavior could be
achieved by engineering cells to express reporter genes,
such as those that encode herpes simplex virus type
1 thymidine kinase (HSV1-TK), somatostatin recep-
tor subtype 2 (SSTR2), and prostate-specific membrane
antigen (PSMA), and applying reporter-specific imaging
probe pairs, i.e., 5F-FHBG [27, 28], ®® Ga-DOTATATE
[29], and 8F-DCFPyL [30], respectively. However, the
reporter gene strategies have limitations due to their
ability to induce immunogenicity within the host, and
the nonspecific uptake of the corresponding imaging
probes can also be observed in vivo [31]. As an alterna-
tive method, we reported in this study that CTLs can be
directly radiolabeled ex vivo using metabolic tagging and
then be tracked in vivo using PET imaging. This strategy
is straightforward, and enables the direct visualization of
the location of adoptively transferred T cells.

Other ex vivo methods for T cell labeling reported pre-
viously include the use of !'In-oxine [32] or 3°Zr-oxine
[33, 34], the use of **Cu-PTSM [35], and the treatment
of the TCR-specific monoclonal antibody KJ1-26 with
radionuclides to label cells via endocytosis [36]. Most
recently, mesoporous silica nanoparticles containing
% Ga or ¥Zr have also been used to label cells, enabling
the tracking of individual cells using high-resolution PET
imaging [37]. Although it is a straightforward approach,
ex vivo labeling of T cells may cause cell toxicity because
T cells are sensitive to radiation [38]. Therefore, cellular
activities need to be examined after radiolabeling. In the
present study, the cell viability was almost unaffected by
%4Cu metabolic radiolabeling for up to 24 h, and after
48 h the labeled CTLs exhibited less DNA damage than
CTLs exposed to X-ray radiation, which is comparable
to the results recently reported using °® Ga-mesoporous
silica nanoparticle cell-labeling strategy [37]. Moreover,
our labeling method did not affect the function of the
CTLs, as determined using an enzyme-linked immu-
nosorbent assay (ELISA) of IFN-y. Notably, the glycan
engineering method used in the present study resulted
in favorable retention of radionuclide on the cell surface
(88.42+9.15% and 81.31 +6.40% for 24 and 48 h, respec-
tively; Fig. 3d), which is markedly higher than that of the
mesoporous silica nanoparticle method (less than 60% at
24 h) [37]. The high retention of radionuclide on the cell
surface guaranteed the accurate detection of cells in vivo
by PET imaging.

PET imaging studies revealed the specific targeting of
®4Cu-labeled OVA-CTLs in the tumors (Fig. 3f), which
was confirmed by ex vivo FACS analysis of the IRDye680-
labeled OVA-CTLs (Fig. 2f). These results suggest that
the PET imaging strategy could be used to monitor the
in vivo tumor targeting efficiency and predict the anti-
tumor effect of CTLs. In a clinical setting, traditional
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imaging methods such as computed tomography (CT)
and magnetic resonance imaging (MRI), which provide
anatomical information, may be used to monitor tumor
responses to T cell-based adoptive transfer therapy. How-
ever, simply monitoring tumor size is a poor indicator of
response because efficacious therapy may increase the
number of immune cells that infiltrate the tumor, thereby
increasing its diameter [39]. Functional imaging using
I8E_FDG—the most widely used clinical PET tracer—may
overcome some of the limitations of anatomical imaging.
However, because it exhibits high uptake in both tumor-
infiltrating T cells and cancer cells [40], it has limita-
tions in differentiating between tumor progression and
T cell infiltration-induced pseudoprogression. In con-
trast, direct PET imaging of radiolabeled CTLs using the
method reported herein allows the direct quantification
of the CTLs that have infiltrated the tumor in vivo. This
would enable to predict the antitumor efficacy and deter-
mine the off-target organs of the transplanted T cells.

As a proof-of-concept to evaluate whether PET imag-
ing using **Cu-labeled OVA-CTLs could be used to pre-
dict the early-stage treatment efficacy and to select drugs
for adjuvant cell-based therapies, we determined the
tumor uptake changes in **Cu-labeled OVA-CTLs after
treatment with the FAK-inhibiting nanodrug (PLGA-
FAKi). PET imaging revealed the enhanced infiltration
of OVA-CTLs following PLGA-FAKi treatment (Fig. 4f),
suggesting that PLGA-FAKi increases the tumor infiltra-
tion of OVA-CTLs. Mechanistic investigation revealed
that PLGA-FAKi treatment reduced collagen formation,
downregulated the expression of FAP, and remodeled
the tumor microenvironment by increasing CD8' T cell
infiltration and reducing the number of Treg cells and
M2 macrophages, which is consistent with those of the
other study on FAK inhibition [15]. The improved anti-
tumor effect of the adoptive transfer of OVA-CTLs com-
bined with PLGA-FAKi treatment confirmed the value
of PET imaging for predicting the combination therapy
efficacy. Because our proposed metabolic radiolabeling
strategy could be done easily within 24 h and has poten-
tial for clinical translation, it also offers opportunities
for the noninvasive PET monitoring of other cell-based
adoptive therapies.

Notably, ex vivo radiolabeling of T cells followed by
in vivo PET imaging as described in this study has cer-
tain limitations, i.e,, it is difficult to differentiate between
alive and dead cells, and to track proliferated cells [31].
In addition, long-term imaging is challenging because
the label becomes diluted as T cells multiply [18, 31].
Therefore, PET imaging of radiolabeled T cells can only
provide a quick insight into the early-stage migration
of T cells after transplantation. Combination strategies
with anatomical imaging of changes in tumor sizes, PET
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imaging of key biomarkers associated with T cell activa-
tion, and serum examination of cytokines may be needed
to provide the complementary information for mapping
the whole profile of transferred T cells in vivo.

Conclusion

We showed that CTLs can be metabolically radiola-
beled to enable PET imaging of their rapid migration and
tumor-targeting efficiency in vivo. This strategy may be
used clinically for direct cell labeling that offers oppor-
tunities for the noninvasive monitoring of cell-based
adoptive therapies and guiding the selection of adjuvant
therapeutics.

Materials and methods

Reagents

All commercially obtained chemicals were of analyti-
cal grade. IRDye680-dibenzo-cyclooctyne (DBCO),
DBCO-PEG,-NH,, and N-azidoacetylmannosa-
mine (Ac,ManNAz) were purchased from Click
Chemistry Tools (Scottsdale, AZ). The chelator
S-2-(4-Isothiocyanatobenzyl)-1,4,7-triazacyclonon-
ane-1,4,7-triacetic acid (p-SCN-Bn-NOTA) was pur-
chased from Macrocyclics (Dallas, TX). Female C57BL/6
mice (5 weeks of age) were purchased from Department
of Laboratory Animal Science of Peking University (Bei-
jing, China). The dye-labeled antibodies for flow cyto-
metric analysis were purchased from eBioscience (San
Diego, CA), unless otherwise noted.

Cell culture and animal models

The chicken ovalbumin (OVA)-transfected mouse mela-
noma cell line (B16-OVA) was kindly provided by Dr.
Jing Huang at Peking University. The B16-OVA cells were
grown in Dulbecco’s modified eagle medium (Invitrogen,
Carlsbad, CA) supplemented with 10% FBS at 37 °C in
a humidified atmosphere comprising 5% CO, and were
routinely screened for mycoplasma (Hoechst stain and
PCR).

All animal experiments were performed by follow-
ing the protocol approved by the institutional animal
care and use committee at Peking University. The right
hind legs of female C57BL/6 mice were subcutaneously
injected with 1 x 10° B16-OVA cells to establish a sub-
cutaneous B16-OVA tumor mouse model. The growth
of tumors was measured using a caliper, and the vol-
ume was calculated using the following formula: tumor
volume =length x (width?)/2.

Separation and culture of CTLs

OVA-specific T lymphocytes were isolated from the
spleens of female C57BL/6 mice after four intraperitoneal
injections of OVA (Bioss, Beijing, China) every 5 days.
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Each mouse was intraperitoneally injected with 25 pg of
OVA in 200 pL of PBS and 100 pL of alum adjuvant. Mice
treated with only 200 puL PBS and 100 pL of alum adju-
vant were used as a vehicle control. The mouse spleens
were harvested after immunization and ground in a pes-
tle with PBS. After passing the resulting tissue through
a 70-um cell strainer, lymphocytes were separated by
density gradient centrifugation according to the stand-
ard protocol. The lymphocytes were then activated by
anti-CD3 and anti-CD28 antibodies (BD Biosciences),
and expanded with interleukin-2 (IL-2) to generate OVA-
specific cytotoxic T lymphocytes (OVA-CTLs) or control
cytotoxic T lymphocytes (control-CTLs) [41]. The CTLs
were cultured in RPMI-1640 medium (Invitrogen, Carls-
bad, CA) containing 10% FBS, IL-2 (1500 IU/mL) (Gen-
script, Nanjing, China), and anti-CD3 antibodies (50 ng/
mL; eBioscience) at 37 °C in a humidified atmosphere
comprising 5% CO,.

In vivo adoptive CTL therapy

B16-OVA tumor-bearing C57BL/6 mice with tumors of
a uniform size (50—100 mm?) were divided into three
groups (n=5-6/group): a PBS-treated group, an OVA-
CTL-treated group, and a control-CTL-treated group.
Each mouse was injected with PBS or 5 x 10° CTLs via its
tail vein every day for 4 days. Tumor size and body weight
were measured every other day.

Metabolic labeling of CTLs with IRDye680

CTLs isolated from C57BL/6 mice were cultured in
RPMI-1640 medium containing Ac,ManNAz (50 pg/
mL) for 24 h. After washing, the cells were labeled with
IRDye680-DBCO (0.25 pg/10° cells) for 1 h. They were
then washed three times in PBS, and analyzed with an
LSRII flow cytometer (Becton Dickinson, Germany).

Metabolic radiolabeling of the CTLs with 5*Cu

The CTLs were labeled with ®*Cu using the metabolic
strategy of incorporating azide (—Nj3) on the cell sur-
face, followed by click chemistry conjugation of —Nj
with #*Cu-NOTA-DBCO (Fig. 1). For the preparation of
4Cu-NOTA-DBCO, DBCO-PEG,-NH, was first mixed
with p-SCN-Bn-NOTA in a 1:10 ratio in sodium bicarbo-
nate buffer (pH 8.5) at room temperature for 2 h. NOTA-
conjugated DBCO-PEG, (NOTA-DBCO) was isolated
using semipreparative high-performance liquid chroma-
tography (HPLC). The collected fractions were combined
and lyophilized to yield the product. The NOTA-DBCO
was obtained at 47% vyield with >95% HPLC purity.
Matrix-assisted laser desorption/ionization (MALDI)
time-of-light (TOF) mass spectrometry (MS): m/z 970.60
for [MH]" (C,9Hg3N,04,S, calculated molecular weight
970.14 Da).
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For ®*Cu radiolabeling, 25 pg of NOTA-DBCO was
reacted with 222 MBq of **CuCl, in 300 uL of 0.1 M
sodium acetate buffer (pH 5.5) at 37 °C for 30 min with
constant shaking. The ®*Cu-NOTA-DBCO was then
purified using HPLC. The desired product (indicated by
the radioactive peak) was collected and rotary evapo-
rated to remove the solvent. The products were then
formulated in PBS and passed through a 0.22-um Mil-
lipore filter. The radiolabeling was performed with 90%
decay-corrected yield for ®*Cu-NOTA-DBCO. The
in vitro stability of **Cu-NOTA-DBCO was determined
using instant thin layer chromatography after incubation
in PBS or FBS for up to 24 h. The in vitro binding speci-
ficity of the Ac,ManNAz-incubated cells with regard to
#*Cu-NOTA-DBCO was determined via a cell binding
assay. Briefly, **Cu-NOTA-DBCO (370 kBq) was added
to 12-well plates containing Ac,ManNAz-incubated B16-
OVA tumor cells. After incubation for 1 h, the plates
were washed with PBS and the cells were collected. The
cell-associated radioactivity was then measured using a
y-counter (Packard, Meriden, CT). Each experiment was
performed twice using four samples.

®Cu-CTLs  were  produced by  culturing
Ac,;ManNAz-treated CTLs with ®*Cu-NOTA-DBCO.
Briefly, CTLs were cultured in RPMI-1640 medium
containing Ac,ManNAz (50 pg/mL) for 24 h. Then,
the Ac,ManNAz-incubated CTLs were labeled with
%4Cu-NOTA-DBCO for 1 h and washed three times with
PBS.

In vitro characterizations of the %*Cu-CTLs

A cell viability assay was performed to determine the
effects of ®*Cu radiolabeling on the growth of CTLs.
Briefly, ®*Cu-CTLs (5x 10*/well) or unlabeled CTLs
(5x10%/well) were seeded into 96-well plates and
allowed to grow for 1, 4, 8, and 24 h, and the cell viability
at each time-point was determined using Cell Counting
Kit-8 (Dojindo Laboratories, Kumamoto, Japan).

The %*Cu efflux from **Cu-CTLs was evaluated by incu-
bating them in the culture medium at 37 °C in a humidi-
fied atmosphere comprising 5% CO,. After incubation
for 1, 4, 8, 24, or 48 h, the cell culture medium was col-
lected and the radioactivity in the medium was measured
using a y-counter. The percentage of ®*Cu retained on the
CTLs was then calculated as follows: percentage of **Cu
retention (%)=[1— (radioactivity in the medium/total
radioactivity)] x 100.

The damage caused to the DNA of the CTLs by **Cu
radiolabeling was determined using yH2AX immuno-
fluorescence staining. Briefly, **Cu-CTLs or unlabeled
CTLs were cultured for 3, 8, 24, or 48 h. At each time
point, the CTLs were fixed using 4% paraformaldehyde
and washed with PBS. The cells were then incubated
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overnight with anti-phosphorylated-histone H2AX (Ser
139) antibodies (1:100; Merck Millipore, Bedford, MA)
at 4 °C, treated with a DyLight 549-labeled secondary
antibody (Earthox, Millbrae, CA), and examined under a
Leica TCS-NT confocal microscope (Leica, Wetzlar, Ger-
many). As a positive control, the CTLs were irradiated
with 3 or 6 Gy using an X-ray irradiator (RS2000 PRO,
160 kV, 25 mA; Rad Source Technologies, Suwanee, GA).
CTLs were then fixed and stained using the same proto-
col described above. The mean fluorescence intensity of
YH2AX for each CTL was quantified using Image] soft-
ware (NIH, Bethesda, MD).

Preparation and characterization of PLGA-FAKi

PF-562271 (Selleck Chemicals, Houston, TX), which is a
FAK inhibitor (FAKi), was dissolved in dimethyl sulfox-
ide and added to a 10 mg/mL acetone solution of a PEG-
grafted poly(lactic-co-glycolic acid) (PLGA) co-polymer
(PEG-PLGA; 50:50 (w/w); Mw ~5000:10,000 Da; Xian
ruixi Biological Technology Co., Ltd, Xi’an City, China).
The ratio of PF-562271 to PLGA polymer was 1:67 (w/w).
Then, 1 mL of the reaction mixture was added drop-
wise to 5 mL of water. After stirring for 1 h and standing
for 12 h, the PF-562271-containing PLGA nanoparti-
cles (PLGA-FAKIi) were purified using centrifugation at
30,000¢ for 5 min, and washed with PBS. The particle size
distribution and zeta potential of the PLGA-FAKi were
measured using dynamic light scattering (Brookhaven
Instruments, Holtsville, NY), and the morphology of the
PLGA-FAKi was characterized using a JEM-1400 trans-
mission electron microscope (JEOL, Japan). The release
ratio of PF-562271 was determined using HPLC with an
ultraviolet—visible detector at 210 nm.

Combination of PLGA-FAKi and adoptive CTL therapy

The B16-OVA tumor-bearing mice were divided into 6
groups (n="7/group): (1) PBS control, (2) PLGA alone,
(3) PLGA-FAKi alone, (4) OVA-CTLs, (5) OVA-CTLs
plus PLGA, and (6) OVA-CTLs plus PLGA-FAKi. In the
PLGA and PLGA-FAKi groups, the mice were injected
with PLGA or PLGA-FAKi (50 pg of FAKi equivalent) on
day O via their tail veins. In the OVA-CTLs groups, the
mice were injected with 5 x 10° OVA-CTLs every day for
4 days (from day 0 to day 3) via their tail veins. The tumor
growth and body weights of each mouse were monitored
every other day.

When the treatments were terminated (day 14), 5 mice
from each group were euthanized and the tumors were
harvested. The tumors were immediately frozen in OCT
medium and cut into 5-um-thick slices for immunofluo-
rescence staining of Ki67.
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PET imaging of %*Cu-labeled CTLs

Each B16-OVA tumor-bearing mouse (n =4/group) was
intravenously injected with 3.7 MBq of ®*Cu-labeled
CTLs isolated from mice immunized with or without
OVA (OVA-CTLs or control-CTLs), and 10-min static
PET scans were obtained at 4, 12, 24, and 36 h postin-
jection using a small-animal PET/CT scanner (Siemens
Medical Solutions). The PET images were analyzed, and
the region-of-interest-derived percentage injected dose
per gram of tissue (%ID/g) was calculated. In a sepa-
rate experiment, B16-OVA tumor-bearing mice (n=4/
group) were administered with PLGA or PLGA-FAKi
(50 pg of FAKi equivalent) on day 0 via their tail veins.
On day 5, the mice were intravenously injected with
3.7 MBq of 64Cu-labeled OVA-CTLs, and 10-min static
PET scans were obtained at 24 and 32 h postinjection.

SPECT imaging of HSA in vivo

To evaluate the role of PLGA-FAKIi in tumor vascula-
ture perfusion, SPECT imaging was performed using
9mTc HSA. To prepare the ®™Tc-HSA, HSA was first
conjugated with the chelator 6-hydrazinonicotinyl,
and then labeled with Na®*™TcO, using a previously
described protocol [42]. For SPECT imaging, each
mouse (n=3-4/group) was intravenously injected with
148 MBq *™Tc-HSA and SPECT/CT imaging was per-
formed at 12 and 24 h postinjection using a NanoS-
can SPECT/CT Imaging System (Mediso, Budapest,
Hungary).

Flow cytometry analysis

IRDye680 labeled control-OVAs or OVA-CTLs were
intravenously injected into B16-OVA tumor-bearing
mice and the tumors were harvested at 24 h postinjec-
tion. Each tumor was digested to obtain single-cell sus-
pensions, as previously described [43]. The single-cell
suspensions were stained with fluorescein isothiocyanate
(FITC)-conjugated anti-CD3 and phycoerythrin (PE)-
conjugated anti-CD8 antibodies, and subsequently sorted
using an LSRII flow cytometer.

In a separate experiment, B16-OVA tumor-bearing
mice were intravenously injected with PLGA or PLGA-
FAKi (50 pg of FAKi equivalent). The tumors were har-
vested at 36 h postinjection and digested as mentioned
earlier. After PLGA-FAKi therapy, single-cell suspen-
sions were stained with anti-CD3 (FITC), anti-CD8 (PE),
anti-CD4 (allophycocyanin (APC)), anti-FoxP3 (PE),
anti-CD206 (FITC), and anti-F4/80 (PE) for the flow
cytometric analysis of CD4" T cells, CD8" T cells, reg-
ulatory T cells (Treg cells), and tumor-associated mac-
rophages, respectively.
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Sirius red staining and immunofluorescence staining
B16-OVA tumors were fixed with 10% formalin, embed-
ded in paraffin, and cut into slices for staining with Sirius
Red, as previously described [44].

For immunofluorescence staining, frozen B16-OVA
tumor sections were fixed with ice-cold acetone, rinsed
with PBS, and blocked with 10% FBS for 1 h at room
temperature. The tumor slices were incubated with rab-
bit anti-mouse Ki67 antibody (Millipore) or rabbit anti-
mouse fibroblast activation protein (FAP)-a antibody
(Millipore) for 1 h at room temperature, then visualized
with dye-conjugated secondary antibodies (Earthox,
Millbrae, CA) under a Leica TCS-NT confocal micro-
scope. The tumor proliferation index was calculated as
the percentage of Ki67-positive nuclei among the total
number of nuclei, and the mean fluorescence intensity of
FAP-a was quantified using the Image] software (NIH).

Statistical analysis

Quantitative data are expressed as mean = standard
deviation (SD). Two-sample comparisons were analyzed
using an unpaired two-tailed Student ¢ test. For multi-
groups statistical analysis, one-way analysis of variance
(ANOVA) with a post-hoc Tukey test was performed.
Tumor growth curves over time were compared by two-
way ANOVA. Time-to-survival was expressed using
Kaplan—Meier curves, and groups were compared using
log-rank tests. P values less than 0.05 were considered
statistically significant.
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