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Abstract

Background A novel reporter system, streptavidin (SA)- [®® Ga]Ga-labeled biotin ([°® Ga]Ga-DOTA-biotin), was constructed
and its ability for PET imaging the behaviors of CAR T cells were also evaluated in this study.

Methods In vitro activity and cytotoxicity of the SA transduced anti-CD19-CAR T (denoted as SA-CD19-CAR T) cells were
determined. The feasibility of monitoring proliferation profiles of SA-CD19-CAR T cells using [*® Ga]Ga-DOTA-biotin was
firstly investigated in a solid tumor model. Also, the pharmacodynamics and pharmacokinetics of the CAR T cells in whole-body
hematologic neoplasms were evaluated by bioluminescence imaging and [*® Ga]Ga-DOTA-biotin PET imaging simultaneously.
Results After transduction with SA, the activity and cytotoxicity of the modified CAR T cells were not affected. PET images
revealed that the uptakes of [*® Ga]Ga-DOTA-biotin in CD19% K562 solid tumors were 0.67 +0.32 ID%/g and 1.26 +0.13
ID%/g at 30 min and 96 h p.i. after administration of SA-CD19-CAR T cells respectively. It confirmed that the SA-CD19-
CAR T cells could effectively inhibit the growth of Raji hematologic tumors. However, low radioactivity related to the
proliferation of CD19-CAR T cells was detected in the Raji model.

Conclusion SA-CD19-CAR T cells were constructed successfully without disturbing the antitumor functions of the cells.
The proliferation of the CAR T cells in solid tumors could be early detected by [®® Ga]Ga-DOTA-biotin PET imaging.
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Introduction

Adoptive cell therapy (ACT) is a valid strategy for treating
cancers by empowering patients’ immune systems to destroy
malignant cells [1, 2]. Among most ACT, chimeric antigen
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receptor (CAR) T cell therapy is utilized most successfully
in clinical practice [3]. Various CAR T cell therapy includ-
ing Kymriah, Tecartus, and Liso-cel have been approved
for treating relapsed or refractory B-cell leukemia and lym-
phoma [4-7].

Despite the enormous success, some challenges are
encountered during the clinical translation. Different from
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small molecule drugs or antibodies, the personalized CAR
T cell was complex and expensive [8, 9]. Nevertheless, the
in vivo dynamic behaviors of CAR T cells related to clinical
efficacy such as proliferating, homing to tumor sites, and
persistence were not clearly understood.

In clinical, quantitative polymerase chain reaction (qQPCR)
or flow cytometry is performed to analyze the functions of
infused CAR T cells through the samples from peripheral
blood or bone marrow [10, 11]. However, the outcomes can-
not accurately predict the efficacy due to the influence of
factors such as tumor burdens, heterogeneity, and individual
difference [12, 13]. Moreover, the invasive procedure might
cause complications including allergy, pain, or infection, and
it is difficult to be performed in real-time and multiple times.
Thus, a novel precise strategy for in vivo tracking the CAR T
cell and evaluating its antitumor effects was needed.

Positron emission tomography (PET) imaging is a non-
invasive imaging modality to reveal the biological processes
at the molecular and cellular levels in the living systems
[14, 15]. It can character and visualize the dynamic bio-
chemical changes that occurred in the body with the advan-
tages of high sensitivity and quantity [16]. Labeling CAR
T cells with radionuclides such as [3°Zr]Zr-oxine is a valid
imaging platform to determine the distribution of cells after
adoptive transfer. However, higher radioactivity may disturb
the viability and function of the cells. Meanwhile, the radio
signals may be gradually diluted by the proliferation of the
cells and difficult to detect [17].

Recently, reporter genes technology provides a potent
strategy to track CAR T cells in vivo and evaluate their effi-
cacy. For example, CAR T cells expressed Herpes simplex
virus typel thymidine kinase (HSV1) have been monitored
by ['®F]-FHBG PET imaging in recurrent glioma [18]. Nev-
ertheless, the reporter system may lead to immunogenic-
ity and fail therapy. Besides, prostatic specific membrane
antigen (PSMA) or somatostatin receptor 2 (SSTR2) was
reported to be introduced into the CAR T cells respectively,
and the behaviors of the engineered CAR T cells in mice
were visualized by specific probes, ['*F]-DCFPyL or [*® Ga]
Ga-DOTA-TOC, respectively [19, 20]. However, the recep-
tors are also expressed in normal organs and abundant in
solid tumors, which may enhance the non-specific signals
and affect the image quality.

Streptavidin (SA) is a tetrameric protein purified from
the bacterium streptomyces avidin. It could not be detected
in normal tissue [21]. Previously, our group developed SA
transduced CAR T cells (denoted as SA-CD19-CAR T cells)
and its specific PET probe [®® Ga]Ga-DOTA-biotin. In vitro
radio-TLC measurement and in vivo PET imaging after ste-
reotactic injection revealed that the streptavidin—biotin pair
system owned favorable sensitivity and specificity [22]. In
this study, the effects of SA on the functions of CD19-CAR
T cells were determined through in vitro experiments and
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the feasibility of monitoring the biological behaviors of the
CAR T cells using [*® Ga]Ga-DOTA-biotin PET imaging
was evaluated in animal models. Meanwhile, the association
between pharmacodynamics and pharmacokinetics of CAR
T cells was also investigated.

Materials and methods
General

[%® Ga]Ga-DOTA-biotin was synthesized according to our
previous literature and the radiochemical purity was greater
than 95% [22]. Other reagents were commercial and analyti-
cal grade.

Cells

SA-CD19-CAR T cells, CD19-CAR T cells, and naive T
cells were gifted from Shanghai UniCAR Therapy Bio-
medicine Technology Co., Ltd. The transduction efficiency
of SA-CD19-CAR T cells was 12.2%. Human myelogenous
leukemia cell line (wild-type K562 and CD19-positive
K562) and CD19-expressing Burkitt human B lymphoma
cell line (Raji and luciferase-expressing Raji cells, Raji-Luc)
were also gifted from Shanghai UniCAR Therapy Bio-med-
icine Technology Co., Ltd.

Functional validation of SA-CD19-CART cells
Viability of CART cells

After transduction, the cells were cultured and expanded
in a 5% CO, atmosphere at 37 °C using an AIM-V medium
supplemented with recombinant human interleukin-2 and
10% fetal bovine serum. The numbers of CAR T cells were
measured by Trypan Blue staining.

Assay for antigen-stimulated T cells proliferation

According to the manufacturer’s protocol, antigen-stimu-
lated cell proliferation assays were performed using a car-
boxy fluorescein diacetate succinimidyl ester (CFSE) assay
kit(Selleck Chemicals). Briefly, At 96 well plates, trans-
duced T cells (CD19-CAR T or SA-CD19-CAR T cells) and
naive T cells (NC) were co-cultured for 5 days with K562
or CD197K562 tumor cells pretreated by mitomycin (10 ug/
mL) to stop division respectively. Changes in CFSE intensity
were detected by flow cytometry. Data are analyzed using
FlowlJo V10 software (TreeStar, San Carlos, CA, USA).
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In vitro cytotoxicity assay

The cytotoxicity of anti-CD19 CAR T cells was monitored
using Raji tumor cells. A number of 2 x 10° Raji tumor cells
were co-incubated with effector T cells (CAR T or NC T
cells) for 6 h at 5% CO, and 37°C. The effector to target cells
(E:T) ratios were from 2.5 to 10 and the total volumes were
100 pL. At selected time points, 50 pL cell-free supernatant
per well was transferred to a new 96-well plate and mixed
with an equal volume of lactate dehydrogenase (LDH) sub-
strate mixture (Promega Corporation) for 30 min at room
temperature in the dark. The absorbent signals of the solu-
tion at 492 nm were detected using a reader (Multiskan GO,
Thermo Scientific) and the resulting dissolution rate was
calculated through normalization.

Antigen-stimulated cytokine release analysis

Cytokine release was assessed using the Th1/Th2 Cytomet-
ric Bead Array (CBA) Kit IT (BD Bioscience) according to
the manufacturer’s instructions. Briefly, CAR T cells were
co-cultured with K562 or CD19*K562 tumor cells in RPMI
1640 medium with an E:T ratio of 5:1 in 96-well plates.
After incubating for 24 h, microspheres of seven specific
cytokines (IL-2, IL-4, IL-6, IL-10, IFN-y, TNF-a, and IL-
17A) were added and incubated with fluorescent antibodies
in cell free supernatants for 3 h. After washing, the cytokine
concentrations were determined by flow cytometry and cal-
culated from the standard curves respectively.

Animal models

Animal experiments were approved by the ethics committee
and performed under the regulations of national laws. NCG
mice were purchased from GemPharmatech Co., Ltd and
injected subcutaneously with CD19" K562 human myelog-
enous leukemia cells at the right behind flank regions. When
the tumor volumes reached 100-200 mm?>, the mice were
used for the following experiments.

NCG mice-bearing luminescent CD19* Raji (Raji-Luc)
human B lymphoma were obtained by intravenous injection
of the Raji-Luc tumor cells according to the literature [23,
24]. At 3 days after administration, the model was obtained
since the tumors were visualized in the mice through biolu-
minescence imaging.

[%® Ga]Ga-DOTA-biotin PET imaging in a solid tumor
model

Mice-bearing CD197K562 tumors were intravenously
injected with 5x 10 CD19-CAR T cells or SA-CD19-CAR
T cells (n=3 for each group). At 30 min and 96 h after intro-
ducing the cells, mice were injected with 3.7 MBq of [®® Ga]

Ga-DOTA-biotin under isoflurane anesthesia respectively.
Static PET scans were performed using an Inveon MicroPET
scanner (Siemens Medical Solutions) at 1 h after [ Ga]
Ga-DOTA-biotin administration respectively. Quantification
analysis of PET images was performed using the reported
method [22].

Pharmacodynamics and pharmacokinetics study
in whole body hematologic neoplasms

According to previous studies [25-28], mice-bearing Raji-
luc tumors were treated by intravenous injection of CD19-
CAR T cells, SA-CD19-CAR T cells (5x 10° cells), or
medium (n =5 for each group) respectively. The detailed
scheme was listed in Fig. 3A. Optical imaging with Perki-
nElmer’s IVIS optical imaging systems was used to monitor
the tumor burdens at 0, 3, 6, 9, 15, 21, 27, 34 days after treat-
ment with CAR T cells or medium respectively using the
reported method [29]. Furthermore, [ Ga]Ga-DOTA-biotin
PET imaging was performed to assess the pharmacokinetics
of CAR T cells at 0, 4, 7, 14 days after treatment with CAR
T cells or medium respectively using the above PET imag-
ing procedures.

Statistical analysis

GraphPad Prism software was used for statistical analyses.
Data were analyzed using the unpaired, 2-tailed Student
t-test. Differences at the 95% confidence level (p < 0.05)
were considered to be statistically significant.

Results
Functional validation of SA-CD19-CART cells
Viability of CART cells

Under the same culture conditions, the numbers of CAR
T cells, and naive T cells expanded with a similar trend
over time. After being cultured for 10 days, the expansion
folds of CAR T cells and naive T cells were greater than
100 (Fig. 1A). It also noted that the corresponding value of
SA-CD19-CAR T cells was over 200 at the same time points.

Assay for antigen-stimulated T cells proliferation

To further confirm that transducing SA into CAR T cells
does not have a negative impact on effect functions, anti-
gen-specific proliferation assay was performed. As shown
in Fig. 1B, proliferation peaks occurred after co-incubation
with CD19* K562 tumor cells by SA-CD19-CAR T cells and
CD19-CAR T cells respectively. Whereas, the corresponding
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Fig. 1 In vitro biological performance of SA-CD19-CAR T cells and
CDI19-CAR T cells. A Viability of SA-CD19-CAR T cells, CD19-
CAR T cells, and T cells. B Results of antigen-specific proliferation
ability of different CAR T cells. The orange peak indicates that effect
cells were cultured separately. The blue peak indicates that effect

peak was not observed after co-incubation of the CD19*
K562 cells with naive T cells.

In vitro cytotoxicity assay

Compared with the NC group, CD19-CAR T cells and
SA-CD19-CAR T cells own more strong killing effects on
Raji tumor cells (Fig. 1C). When the effector:target cells
ratios increased from 2.5 to 10, the percentages of cyto-
toxicity in NC groups were 2.77 +4.16 and 3.02+5.90. In
contrast, the corresponding values of CD19-CAR T cells
and SA-CD19-CAR T cells changed from 9.74+1.11 and
11.56+6.36 to 17.00+1.84 and 27.14 + 15. 82 respectively.
It implied that transducing SA into CAR T cells did not
affect the cytotoxicity of the cells against tumors.

Antigen-stimulated cytokine release analysis

After being stimulated by antigen, T cells will be acti-
vated and release cytokine to attack the tumors. As shown
in Fig. 1D, the levels of cytokines released from both
SA-CD19-CAR T cells and CD-19 CAR T cells after incu-
bation with CD19*K562 tumor cells increased 10 to 100
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cells were co-cultured with K562 tumor cells. The red peak indicates
that effect cells were co-cultured with CD19% K562 tumor cells. C
Killing effect of CAR T cells on different effector: target cells ratios.
D Heat map of antigen-stimulated cytokine release analysis

times than those of corresponding values in wild types K562
tumor cells respectively.

In summary, in vitro experiments proved that no signifi-
cant differences existed in the functions of SA-CD19-CAR
T cells and CD19-CAR T cells.

[%® Ga]Ga-DOTA-biotin PET imaging in a solid tumor
model

Representative coronal MicroPET images of mice bearing
CD19* K562 tumor treated with CAR T cells after injection
of [%® Ga]Ga-DOTA-biotin are shown in Fig. 2A. Radioac-
tivities were observed to be more accumulated in the tumors
treated with SA-CD19-CAR T cells than in counterparts
with CD19-CAR T cells. ROI analysis revealed that the
uptakes in the CD19* K562 tumors were 0.67 +0.32 ID%/g
and 1.26+0.13 ID%/g at 30 min and 96 h p.i. after injec-
tion of SA-CD19-CAR T cells respectively. On the contrary,
the corresponding values were 0.18 +0.05 ID%/g at 96 h
after injection of CD19-CAR T cells (Fig. 2B). Besides,
radioactivities were also observed in lungs, livers, spleens,
and the uptake values were determined to be 0.71+0.13,
1.25+0.15,0.76 £0.15 ID%/g respectively at 96 h p.i. in the
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Fig.2 [*® Ga]Ga-DOTA-biotin PET imaging in CD19* K562 solid
tumor. A Decay-corrected whole-body PET images of mice-bearing
CD19* K562 tumors infused with CAR T cells after injection of

mice after administration with SA-CD19-CAR T cells. At
the same time points, the uptakes of lungs, liver, and spleen
in mice treated with CD19-CAR T cells were 0.11+0.03,
0.34+0.01, and 0.29 +0.03ID%/g respectively.

Pharmacodynamics and pharmacokinetics study
in whole-body hematologic neoplasms

CD19-expressing Raji human B cell leukemia animal
model was confirmed to be efficiently cured by CAR T
cells. Thus, the model was selected for determining the
pharmacodynamics (PD) of CD19-CAR T cells by bio-
luminescence imaging and simultaneously evaluating
the pharmacokinetics (PK) of the cells using [°® Ga]
Ga-DOTA-biotin PET imaging. By day 0, bioluminescence

A -

[°® Ga]Ga-DOTA-biotin. Cycles indicate the location of tumors. B
Quantification of radioactivities in CD19" K562 xenografts models
infused with SA-CD19-CAR T cells

imaging indicated that numerous tumor cells were found
in all mice (Fig. 3). Compared with the control group,
the tumor burdens were significantly reduced in the mice
infused with CAR T cells by day 6 and day 9 respec-
tively. On day 6, the fluorescence intensity was deter-
mined to be 22.09 + 11.52x 10°, 27.04 +5.25 x 10°,
and 58.16 + 14.79 x 10% in mice treated with SA-CD19-
CAR T cells, CD19-CAR T cells, and medium respec-
tively. On day 9, The fluorescence intensity was deter-
mined to be 15.79 +1.96 x 10%, 16.06 + 1.21 x 10°,
129.38 +11.53 x 10% in mice treated with SA-CD19-CAR
T cells, CD19-CAR T cells, and medium respectively. At
15 days after treatment with CAR T cells, none of the fluo-
rescence intensity was detected. On the contrary, no mice
in control groups treated with medium survived.

CD19-CART Control

SA-CDI19-CART

CART, i.v. D4 D7 D10 DI4  pomec o
D3 imaging
|l ol O
Raji-Luc, o I I I I I I
D3 D6 D9 D15 D21 D27 D34
BLI imaging
C s .
/1 - SA-CDI9-CAR T i
100 / -+ CDI9-CART

-+ Control
50

Total counts /*10"6
Percent survival

== SA-CD19-CART
= CD19-CART

=4~ Control

0 3 6
Days post treatment

9 15 21 27 M4

Time/day

Fig.3 A Schemes of bioluminescence and survival analysis of NCG
mice engrafted with Raji human Burkitt’s lymphoma expressing
CD19 treated with CAR T cells; B representative bioluminescent

0 5 10 15 20 25 30 35 40

f"ﬁi

A

D15

images of each treatment group; C mean luminescence of quantified
tumor growth for each treatment group; D survival curves of mice in
each group

@ Springer



4424 European Journal of Nuclear Medicine and Molecular Imaging (2022) 49:4419-4426

Low levels of radioactivity were detected from microPET
images of all mice at day 7 after treatment (Fig. 4). Quantita-
tive analysis revealed that the lung, liver, spleen, and kidney
uptake of [*® Ga]Ga-DOTA-biotin in mice-bearing tumors
after treatment with CD19-CAR T cells and SA-CD19-
CAR T cells were 0.03+0.01, 0.18+0.03, 0.08 +0.01,
0.43 +0.02ID%/g and 0.04 +£0.01, 0.21 +0.03, 0.12+0.02,
0.49 +0.13 ID%/g respectively. At the same time points,
the corresponding values were 0.03 +0.01, 0.17 +0.02,
0.12+0.03, and 0.42+0.04 ID%/g in mice of the control
group respectively.

Discussion

CAR T cell therapy is an encouraging approach for decreas-
ing tumor progression and extending patient survival. The
therapy efficacy is significantly close to the proliferation
profiles of CAR T cells. Currently, real-time monitoring of
the behaviors of the cells in the body through gPCR or flow
cytometry remains a challenge. Accurate information about
behaviors of CAR T cells from PET imaging using a reporter
gene system will be helpful to precise and effective therapy.

In our previous study, [®® Ga]Ga-labeled biotin was suc-
cessfully synthesized [22].It showed that the concentrations
of SA could be quantitatively determined by ®® Ga-DOTA-
biotin using both in vitro radio-TLC and in vivo PET

imaging after stereotactic injection. Further PET imaging
revealed that the levels of SA expressed in SA-CD19-CAR
T cells could be accurately measured by the tracer. Thus,
[%® Ga]Ga-DOTA-biotin-SA was chosen as a reporter-probe
system to track CAR T cells in living bodies.

As a viable imaging reporter, it is important that the intro-
duction of the marker should not affect the antitumor activity
of CD19-CAR T cells. It was found that the proliferation
profiles of SA-CD19-CAR T cells were continent with those
of CD19-CAR T cells. Compared with the control group,
the LDH cytotoxicity assay preliminarily showed that the
viability of the Raji tumor cells was significantly decreased
by co-incubation with naive or modified CD19-CAR T
cells. Further experiments revealed that SA-CD19 CAR T
or CD19-CAR T cells released numerous cytokines to attack
tumor cells with the same levels. It confirmed that similar
to the naive CD19-CAR T cells, the SA-CD19-CAR T cells
own strong killing effects on Raji cancer cells. In summary,
transduction of SA into CAR T cells did not affect the cell’s
functions and the resulting SA-CD19-CAR T cells could
recognize the corresponding tumor antigen and destroy the
tumors.

Our previous study confirmed that there existed a sig-
nificant positive correlation between PD and targeting
properties of CD19-CAR T cells in solid tumors [29]. How-
ever, the proliferation of CAR T cells was not observed by
direct labeling with [3Zr]®Zr-oxine during the period of
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Fig.4 A Representative PET images of each treatment group on day 0, 7, and 14. B Quantification of radioactivities in CD19* Raji hematologic

neoplasms
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treatment. In vivo bioluminescence imaging showed that
the tumor burden was significantly decreased after treatment
with CD19-CAR T cells. It implied that the amounts of cells
were enhanced in vivo since the success of CAR-T therapy
was mainly dependent on the proliferation of CAR T cells.
However, PET imaging with [¥Zr]%Zr-oxine revealed that
no significant difference existed in the uptakes in CD19-pos-
itive tumors (about 0.5%ID/g) from O to 7 days after therapy.
It suggested that [*Zr]®Zr-oxine PET imaging might not
be suitable for tracking the proliferation profiles of CAR T
cells in solid tumors. Fortunately, the proliferation of CAR
T cells in solid tumors could be clearly observed by [*® Ga]
Ga-DOTA-biotin PET imaging in this study. Accumulated
radioactivity was found in solid tumors at 30 min p.i and
increased nearly 1 time at 96 h p.i. Importantly, the prolif-
eration of CAR T cells in tumors could be detected earlier
than those of other reporter probes such as ['*F]'*F-DCFPyL
toward PSMA (96 h vs. 5 days respectively)?!. Moreover,
radioactivity was also accumulated in the normal organs
such as the lung, liver, and spleen, which was following the
behaviors of intravenously infused CAR T cells [16, 29].
It seemed that the SA reporter approach for CAR T cell
tracking by [®® Ga]Ga-DOTA-biotin PET is promising to
effectively monitor the behaviors of the adoptive cells.

Encouraged by the favorable outcomes in solid tumors,
PK and PD of CAR T cells were further evaluated in mice-
bearing whole-body hematologic tumor. Raji human Bur-
kitt’s lymphoma is the first hematopoietic human cell line
and could be used as an excellent transfection host for a vari-
ety of molecular biology applications. A luciferase-express-
ing Raji cell line (Raji-Luc) is an excellent model to evaluate
CD19-directed CAR T therapies through tracking disease
progression and therapeutic response over time by in vivo
optical imaging. BLI imaging confirmed that SA-CD19-
CAR T cells could eliminate the tumor cells. Also, com-
pared to the control group, the survival of mice treated with
SA-CD19-CAR T cells was extended nearly 20 days, which
is consistent with counterparts of the unmodified CAR T
cells.

For evaluating the PK of CAR T cells, qPCR was firstly
applied to determine the amounts of CAR T cells in the
peripheral blood of each mouse®’. However, no CAR T cells
were detected during therapy. PET imaging with reporter-
probes owned favorable sensitivity in visualizing CAR T
cells. It was reported that the lowest numbers of CAR T cells
detected by a reporter—PET imaging in mice could reach
2000 to 40,000 cells located at matrigel with tiny volumes
(50pL) (about 4 X 10° to 8 x 10° cells per ml) [19, 30]. Thus,
it was hypothesized that [*® Ga]Ga-DOTA-biotin PET imag-
ing could facilitate the assessment of PD. Unfortunately, low
uptakes of [°® Ga]Ga-DOTA-biotin were found in the mice-
bearing Raji tumors, which may be a result of low sensitiv-
ity. Compared to K562 solid tumor xenografts located in

small volumes (100-300 mm?), Raji hematologic tumors is
distributed in the whole body of mice through blood trans-
port and the distributed volumes of Raji tumor in mice were
about 200 times (based on the average of 20 g body weight)
higher than those of solid tumor. It was estimated that the
concentrations of CAR T cells in mice bearing Raji tumors
were nearly 2.5x 10° cells per ml (dividing 5 x 10° cells by
20 ml), which is close to or below the minimum detectable
concentrations of CAR T cells. To our knowledge, no satis-
factory images of CAR T cells in the Raji tumor model by
the reporter probe were acquired. Further efforts to improve
the phenomenon are undergoing.

Conclusion

SA was successfully introduced into anti-CD19 CAR T cells
with no loss of viability and antitumor function. SA-biotin
pair PET imaging can specifically visualize the proliferation
profiles of CAR T cells in solid tumors. However, the PK-PD
effect of CAR T cells in whole-body hematologic malignan-
cies needs further investigation.
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