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Overexpression of CD47 is frequently observed in various types of human malignancies, inhibiting myeloid-
mediated elimination of tumor cells and affecting the prognosis of cancer patients. By mapping biomarker
expression,immuno-positron emission tomography has been increasingly used for patient screening and
response monitoring. By immunization alpacas with recombinant human CD47, we prepared a CD47-
targeting nanobody C2 and developed [*®®Ga]Ga-NOTA-C2, followed by an exploration of the diagnostic
value in CD47-expressing tumor models including gastric-cancer patient-derived xenograft models. By
fusing C2 to an albumin binding domain (ABD), we synthesized ABDC2, which had increased invivo half-life
and improved targeting properties. We further labeled ABDC2 with %Ga/®Zr/"’Lu to develop radionuclide
theranostic pairs and evaluated the pharmacokinetics and theranostic efficacies of the agents in cell- and
patient-derived models. Both C2 and ABDC2 specifically reacted with human CD47 with a high K value
of 23.50 and 84.57 pM, respectively. [*Ga]Ga-NOTA-C2 was developed with high radiochemical purity
(99 >%, n = 4) and visualized CD47 expression in the tumors. In comparison to the rapid
renal clearance and short half-life of [*Ga]Ga-NOTA-C2, both [*¥Ga]Ga-NOTA-ABDC2 and [3°Zr]Zr-DFO-
ABDC2 showed prolonged circulation and increased tumor uptake, with the highest uptake of [8QZr]
Zr-DFO-ABDC2 occurring at 72 h post-injection. Moreover, [ Lu]Lu-DOTA-ABDC2 radioimmunotherapy
suppressed the tumor growth but was associated with toxicity, warranting further optimization of the
treatment schedules. Taken together, we reported a series of nanobody-derived CD47-targeted agents,
of which [®3Ga]Ga-NOTA-C2 and [%°Zr]Zr-DFO-ABDC? are readily translatable. Optimization and
translation of CD47-targeted theranostic pair may provide new prospects for CD47-targeted management
of solid tumors.
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Introduction

The cluster of differentiation 47 (CD47) is the only known
5-transmembrane receptor member of the immune system
which widely expressed across different cell types in the body
[1]. It plays a physiological role by binding to signal regulatory
protein a (SIRPa), affecting the maintenance of red blood cells,
platelets, and hematopoietic stem cells, and regulates synaptic
pruning during neuron development [2]. However, tumor cells
hijack this mechanism conveying a “don’t eat me” signal to
macrophages to evade the clearance by macrophages [3,4].
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Overexpression of CD47 is correlated with poor prognosis in
a plethora of malignancies, such as acute myeloid leukemia [5],
colorectal cancer [6], and lymphoma 7], among others. Preclinical
studies have verified the therapeutic effect of anti-CD47-SIRPa
axis therapy [8-14]. Moreover, the anti-CD47 antibody magro-
limab combined with rituximab had a confirmative therapeutic
effect in non-Hodgkin’s lymphoma [15]. Its therapeutic role in
patients with other types of advanced cancers was further con-
firmed in 2019 [16]. Inhibiting CD47 is a promising cancer
therapeutic strategy. However, the widespread expression of
CD47 in normal tissues acts as an antigen sink and inevitably
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results in the deposition of the administered antibodies in
normal tissues. An increased administered dose is needed to
achieve an antitumor effect but is associated with side effects
[2,15]. Therefore, there is an urgent demand for developing
companion diagnostic tools to help stratify patients who may
benefit from anti-CD47 therapies. Besides developing companion
diagnostic tools, innovating CD47-targeted therapeutics may
further enrich the CD47-targeted theranostic toolbox.

By exquisitely fusing the extraordinary targeting specificity
of the antibody and the superior sensitivity of positron emission
tomography (PET), immuno-positron emission tomography
(immunoPET) can noninvasively display the expression of
targets of interest across the body [17]. For instance, an immuno-
PET imaging probe targeting programmed cell death ligand-1
(PD-L1) has been successfully applied to clinical practice. More
importantly, PD-L1 level quantified by immunoPET, but
not revealed by immunohistochemistry (IHC), predicted
the response of atezolizumab [18]. In addition, immunoPET
probes can evaluate the dynamics of lymphocytes and myeloid
cells before and after immunotherapies and further reveal the
immunity status inside the tumors [19-21]. On the basis of this
evidence and our previous findings [22,23], we hypothesize
that CD47-targeted immunoPET can noninvasively display
heterogeneous CD47 inside the tumors and select patients suitable
for CD47-targeted immunotherapies. Meanwhile, accumulating
evidence suggests that radioimmunotherapy (RIT) and pre-
targeted RIT may halt tumor growth [24,25] and even eradicate
certain types of cancer [26-28].

There are not any CD47-targeted theranostic pairs reported
so far. Zheleznyak et al. [29] developed an *’Zr-labeled mono-
clonal antibody (mAD) tracer against CD47 and demonstrated
the feasibility of the tracer in displaying the CD47 expression
inside the tumors. However, the application of radiolabeled
mAbs is hampered by high cost, the necessity to use long-lived
radionuclides, cumbersome imaging processes across a week,
and the associated radiation exposure to the patients and staff.
To accelerate the application of antibody diagnostics in the
clinic, pretargeted imaging strategies or the use of smaller anti-
body fragments or antibody mimetics that facilitate same-day
molecular imaging is actively explored [30]. Of these smaller
vectors, nanobody or single-domain antibody derived from
Camelidae is the smallest antigen-binding unit with a molecular
weight of around 15 kDa. The small size, high affinity, and
ease of engineering make nanobodies powerful alternatives for
molecular imaging [31,32]. In recent years, we are focusing on
the development and clinical translation of nanobody-derived
tracers for their superior molecular imaging traits [33-35].
Radiolabeled monovalent nanobodies are ideal as companion
diagnostic tools, but the in vivo half-lives are too short and
kidney accumulation is exceptionally high, leaving room for
further improvement. To develop an integrated theranostic
platform, albumin binding domain (ABD) targeting human/
murine albumin was introduced into nanobodies to prolong
the in vivo half-lives of nanobody derivatives [36]. We and others
have reported that bispecific nanobody derivatives simultane-
ously targeting tumor antigens and albumin have improved
biodistribution profiles and can serve as vectors for developing
the theranostic toolbox [37,38].

To fill in the gap in the field, we herein describe the develop-
ment of nanobody-derived CD47-targeting theranostic pairs
and characterize the theranostic value in cell-derived xenograft
and patient-derived xenograft (PDX) models.
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Results

Detection of CD47 expression on different

tumor cells

MCA911 was used as the primary antibody to detect the
expression of CD47 on different cancer cell lines. As shown in
Fig. 1A, CD47 was highly expressed in the SKOV-3 (an ovary
cancer cell line) and LS174T (a colorectal cancer cell line) cells.
We further performed IHC staining of 9 archived tumors with
an immunoglobulin G1 (IgG1) x mAb (B6H12) (Fig. 1B and
Fig. S1). On the basis of the flow cytometry and IHC scouting
results, we selected SKOV-3, LS174T, and a PDX (No. 490
gastric cancer) models with relatively high CD47 expression
for the experiments.

Determination of invitro binding affinities

We primarily selected 3 clones for the current study. C1 and C3
were 2 clones obtained from immunization of Bactrian camel
but were poorly soluble when expressed in E. coli (Figs. S2
and S3). Specifically, C1 was expressed at a level of 11.36 mg/I,
but 1 M L-arginine was added to the buffer because of the poor
solubility (Fig. S4). We assume that the existence of 2 pairs of
disulfide bonds contributed to the poor solubility. In com-
parison, C2 has 1 pair of disulfide bonds and was highly sol-
uble in phosphate buffer saline (PBS) and expressed at a level
of 39.1 to 44.70 mg/1 (Fig. S5). ABDC2, a nanobody derivative
consisting of C2 and albumin binder ABD035 with a flexible
(GGGGS), linker, was expressed a high yield of 80.7 mg/1. The
purities of C2 and ABDC2 were cross-validated as shown in
Fig. S6. Therefore, C2 and ABDC2 were selected for subsequent
imaging and therapy studies. Both the monovalent nanobody
C2 and the fused protein ABDC2 could selectively bind to
recombinant human CD47 with excellent K, values of 23.50
and 84.57 pM, respectively (Fig. 2A and B). The ABDO035
sequence introduced in ABDC2 did not noticeably weaken its
affinity with the human CD47 antigen. Of interest, neither C2
nor ABDC2 had an affinity with mouse CD47 (Fig. 2C and D).
Besides, ABDC2 has a high affinity with human serum albumin
and murine serum albumin, with K, values of 5.896 and 105.1 pM,
respectively (Fig. 2E and F). As expected, random chelator con-
jugation of C2 and ABDC2 impaired the binding affinities, but
the measured Kj, values were still within low picomoles. The
calculated Ky, value of NOTA-C2, NOTA-ABDC2, DOTA-C2,
DOTA-ABDC2, and DFO-ABDC2 was 137.5, 204.3, 189.1,
260.8, and 275.1 pM, respectively (Fig. S7). The robust data
suggest that C2 and ABDC2 are potent candidates for developing
molecular imaging or theranostic agents.

Development and characterization of radiotracers

To design immunoPET imaging probes targeting CD47, the
chelator-modified C2 and ABDC2 were labeled with ®*Ga
(T,,=1.1h) or ¥Zr (T,, = 78.4 h), respectively. The calculated
NOTA/C2 ratio was 1.3 for NOTA-C2, and the ratio for NOTA-
ABDC2 was 6.6 (Fig. S8). The nondecay corrected radiochem-
ical yield of [**Ga] Ga-NOTA-C2, [**Ga]Ga-NOTA-ABDC2, and
[¥Zr]Zr-DFO-ABDC2 were 25.15% + 10.21 (n = 4), 12.85% +
0.45 (n=2),and 99% (n = 1), respectively. The radiochemical
purity (RCP) of all the radiotracers were >99% as assessed by
instant thin-layer chromatography (Figs. S9 and S10), indicat-
ing the developed tracers meet the standards for in vivo molec-
ular imaging. The nondecay corrected radiolabeling yield of
["Lu]Lu-DOTA-C2 and ['”"Lu]Lu-DOTA-ABDC2 was 35.41%
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Fig.1.CD47 was highly expressed on SKOV-3 ovarian and LS174T colorectal cancer cells, as well as in the No. 490 gastric cancer PDX models. (A) Flow cytometry histogram of
SKOV-3 and LS174T cells incubated with 2 ug/ml MCA-911 and a second antibody, or second antibody only. (B) Immunohistochemical images of 3 representative CD47-positive

tumors. B6H12 was used as the primary antibody for staining.

(n=1)and 62.76% (n = 1), respectively. The RCP of [""Lu]
Lu-DOTA-C2 and [""Lu]Lu-DOTA-ABDC2 remained 52% and
72% at 72 h in PBS (Fig. S11).

Pharmacokinetics of [®3Ga]Ga-NOTA-C2 and [%3Ga]

Ga-NOTA-ABDC2 in tumor-free mice

After successful synthesis of the [**Ga]Ga-NOTA-C2 and
[®*Ga]Ga-NOTA-ABDC2, we first visualized them in tumor-
free Balb/c mice to identify the in vivo pharmacokinetics. PET/
computed tomography (CT) imaging was performed at 0.5 h
(Fig. 3A and B), 2 h, and 4 h after injection of the tracers (Fig.
S12). [*®*Ga]Ga-NOTA-C2 was rapidly excreted through kid-
neys into the bladder because of the small molecular weight
(Fig. 3A), with small amount of uptake in the liver, heart, and
lung (Fig. 3C). Consistent with the description in the litera-
ture [37,38], the introduction of albumin binder into ABDC2
significantly prolonged the in vivo circulation time of the
probe (Fig. 3B). Regions of interest (ROI) analysis showed that
accumulation in the heart did not decrease significantly at 4 h
(15.13 +£1.09%ID/g, n = 3; Fig. 3D). Head-to-head comparison
showed that heart retention of [**Ga]Ga-NOTA-ABDC2
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(15.90 + 0.39%ID/g, n = 3) was statistically higher than that
(1.14 + 0.19%ID/g, n = 3; P < 0.0001, Fig. 3E) of [*Ga]
Ga-NOTA-C2 at 0.5 h. However, the kidney accumulation of
[*®Ga]Ga-NOTA-ABDC2 (7.80 + 0.37%ID/g, n = 3) was
much lower than that (16.90 + 1.35%ID/g, n = 3) of [**Ga]
Ga-NOTA-C2. The prolonged circulation of [®*Ga]Ga-NOTA-
ABDC2 also led to increased ugtake in the lung and liver, both
statistically different from that of | $Ga]Ga-NOTA-C2 (P < 0.0001).
Collectively, ABD035 incorporation resulted in a 13.9-fold
increase in blood circulation and a 2.2-fold decrease in kidney
accumulation, making ABDC2 potentially useful for radionu-
clide therapy or nanobody-drug conjugate therapy.

[*®Ga]Ga-NOTA-C2 immunoPET imaging in
cell-derived xenograft and PDX models

ImmunoPET imaging with [*Ga]Ga-NOTA-C2 was then
carried out in the subcutaneous LS174T (Fig. 4A to C) and No.
490 PDX (Fig. 4D to F) models. The results demonstrated that
tumor uptake of [**Ga]Ga-NOTA-C2 was sharp in the 2 immu-
nocompromised tumor models. A biodistribution study was
carried out after the PET/CT scans to quantify the uptake of
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Fig.2.Surface plasmon resonance studies showing the association and dissociation kinetics of C2 (A and C) and ABDC2 (B and D) interacting with recombinant human (Aand
B) and mouse (C and D) CD47 proteins. ABDC2 also showed high binding affinities to human serum albumin (HSA) (E) and murine serum albumin (MSA) (F). RU, response units.

the tracer among various organs. As revealed by the ROI
analysis (Fig. 4B and E), the average tumor uptake in the LS174T
and No. 490 PDX models was 1.22 + 0.33%ID/g (n = 3) and
0.58+0.24%ID/g (n = 3), respectively. There was no significant
difference in tumor uptake values between the 2 models (P =
0.09, Fig. S13). The biodistribution data is consistent with the
imaging results, showing tumor uptake of 0.33 + 0.07%ID/g
(n = 3, Fig. 4C) in LS174T models and 0.22 + 0.01%ID/g
(n =3, Fig. 4F) in No. 490 PDX models, respectively. IHC stain-
ing results further confirmed the comparable CD47 expression
in the 2 tumor models (Fig. S14B to D).

Optimized [**Ga]Ga-NOTA-C2 immunoPET imaging
in ovary cancer models

High kidney accumulation of a radioligand may not compromise
the diagnostic efficacy; it affects the detection of urinary tumors
and further causes unexpected nephrotoxicity when a thera-
peutic dose is administered [39]. The high kidney accumulation

Zhang et al. 2023 | https://doi.org/10.34133/research.0077

of [®*Ga]Ga-NOTA-C2 largely resided in the renal cortex.
Coinjection of sodium maleate could reduce kidney accumu-
lation of nanobody-derived tracers [34]. Therefore, we optimized
[*®*Ga]Ga-NOTA-C2 immunoPET imaging by this method
(Fig. S15A to C). As shown by the quantitative analysis results
(Fig. S15D), the kidney accumulation (5.45 + 1.08%ID/g, n = 4)
in the maleate intervention group was much lower than that
(12.75+1.32%ID/g, n = 4; P < 0.0001) in the control group.
Notably, there was no statistical difference in tumor uptake
in the 2 groups.

[*®Ga]Ga-NOTA-ABDC2 immunoPET imaging in No.
490 PDX models

Next, the targeting efficiency of [**Ga]Ga-NOTA-ABDC2 was
investigated in the LS174T and PDX No. 490 models. We
extended the imaging time to 8 h and performed imaging at
3 time points (i.e., 1, 4, and 8 h; Fig. 5A). Analysis of the ROI
data showed a gradual increase in tumor uptake as the time
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elapses (Fig. 5B). The average tumor uptake at 1, 4, and 8 h was
2.35 + 0.26%ID/g (n = 4), 5.98 + 0.58%ID/g (n = 4), and
7.10 + 0.20%ID/g (n = 4), respectively. The heart retention
showed a gradual but slow decrease from 13.88 + 1.21%ID/g
(n=4)at1ht09.13 +0.39%ID/g (n =4) at 8 h. Both the tumor
uptake and the heart accumulation were significantly different
at the 2 time points (P < 0.001). Meanwhile, the biodistribution
of the tracer among various organs and tissues was defined after
the PET/CT scans. As shown in the Fig. 5C, retention of the
tracer in the blood pool (5.60 & 0.46%ID/g, n = 4) was higher
than uptake of the tracer in tumor (1.50 + 0.53%ID/g, n = 4)
at 8 h post-injection. Analysis of the ROI data at 1 h (Fig. 5D)
showed that the heart-to-muscle ratio of [*Ga]Ga-NOTA-ABDC2
was significantly higher than that of [*Ga]Ga-NOTA-C2 (P <
0.0005), while the kidney-to-muscle ratio of [*®*Ga]Ga-NOTA-C2
is remarkably higher than that of [**Ga]Ga-NOTA-ABDC2
(P < 0.0001). The biodistribution data (Fig. 5E) further con-
firmed the above ROI analysis results. Furthermore, there is no
difference in the tumor-to-muscle ratios (TMRs) between
[*®Ga]Ga-NOTA-C2 and [®*Ga]Ga-NOTA-ABDC2 at 1 h post-
injection. The following THC staining of the collected tumors
(Fig. S13D) confirmed CD47 expression. Taken together, we
could conclude that [*Ga]Ga-NOTA-ABDC2 had significantly
increased circulation time and improved pharmacokinetics for
tumor imaging. However, we need to exclude the enhanced
permeation and retention effect attributed to albumin hitch-
hiking. Furthermore, the short half-life of %Ga limited a
thorough evaluation of the tracer.

[**Ga]Ga-NOTA-C2 and [**Ga]Ga-NOTA-ABDC2
blocking studies

The targeting specificities of [®Ga]Ga-NOTA-C2 and [®*Ga]
Ga-NOTA-ABDC2 were further investigated in the LS174T
models. We divided the mice into 4 groups (n = 3 for each
group): [**Ga]Ga-NOTA-C2 group, [**Ga]Ga-NOTA-C2 ABDC2
blocking group, [**Ga]Ga-NOTA-ABDC2 group, and [**Ga]
Ga-NOTA-ABDC2 ABDC2 blocking group. Mice in the first
2 groups were imaged at 1 h, and mice in the latter 2 groups
were imaged at 1, 2.5, and 4 h post-injection of the tracers. As
can be seen from the PET images, tumor uptake in the control
group was significantly higher than that in the ABDC2 blocking
group (Fig. 6A and B). More specifically, the tumor uptake of
[*®*Ga]Ga-NOTA-ABDC?2 in the control group, but not the
ABDC2 blocking group, gradually increased over time (Fig. 6C
to E). It can be seen that there was a small amount of tumor
uptake in the ABDC2 blocking group, indicating enhanced
permeation and retention effect-mediated tumor trapping of
[**Ga]Ga-NOTA-ABDC2. However, the uptake value is lower
than that of the control group (Fig. 6E). The results demonstrate
that both [®*Ga]Ga-NOTA-C2 and [**Ga]Ga-NOTA-ABDC2
have high specificities for CD47 imaging.

[¥°Zr1Zr-DFO-ABDC2 immunoPET imaging in

No. 490 PDX models

[*®Ga]Ga-NOTA-ABDC2 cannot accurately show the complete
pharmacokinetics of ABDC2 because of its significantly
prolonged serum half-life, so we used the long half-life radio-
nuclide *Zr for further imaging experiments. [*Zr] Zr-DFO-
ABDC2 was developed with good radiochemical yield and RCP
(Fig. S9). We performed imaging at 1, 6, 12, 24, 48, 72, 96, 120,
and 144 h after the injection of the tracer. As shown in Fig. 7A
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to C, PET/CT images acquired at 6, 72, and 144 h displayed the
uptake of the tracer in the tumor and also in the liver where it was
catabolized. The maximum intensity projection images fused with
CT images of all the time points fairly showed the overall dis-
tribution and uptake patterns of the tracer across a week (Fig. 7D
and Fig. S16A). As shown by the ROI analysis data (Fig. 7E),
tumor uptake gradually increased, peaked at 72 h (7.13 +
1.02%ID/g, n = 3), and then gradually decreased to 5.57 +
0.76%ID/g (n = 3) at 144 h, which was still higher than the
uptake by other normal organs and tissues. Uptake in the heart,
lung, liver, spleen, and kidneys showed a gradual decrease from
1 to 144 h. In addition, bone uptake did not increase until 144 h,
demonstrating the stability of the probe and the absence of free
zirconium in the circulation. TMR analysis was consistent with the
ROIresults (Fig. 7F), showing the plateau at 72 h. Biodistribution
data showed that tumor uptake was significantly higher than
that of the heart, liver, and kidneys (Fig. 7G). The following
immunohistochemistry staining of the resected tumors con-
firmed CD47 expression in the No. 490 PDX models (Fig. S16B).

Exploratory [’Lu]Lu-DOTA-ABDC2 theranostics in

gastric cancer PDX models

To initially evaluate the effectiveness of ABDC2 as a radio-
nuclide therapeutic vector, we incorporated '’Lu for treatment
experiments. Mice bearing No. 490 PDX xenografts implanted
1 week earlier were divided into 5 groups. Specifically, the nor-
mal control group received an intravenous injection of 200 pl
of PBS, [""Lu]Lu-DOTA-C2 treatment group received a
single-dose intravenous injection of 200-pl ['Lu]Lu-DOTA-C2
(6.66 + 0.80 MBq). Two different doses of ["Lu]Lu-DOTA-
ABDC2, a low dose of 7.07 + 0.98 MBq and a high dose of
13.46 + 0.63 MBq, were scheduled. Moreover, the ABDC2 treat-
ment group received an injection of 500 pg of ABDC2 in 200 pl
of PBS (Table S2). The average body weight of all the mice was
19.69 + 1.03 g (n = 26). We performed single photon emission
computed tomography (SPECT)/CT imaging 1 week after the
onset of the treatment (Fig. 8A). While tumor uptake of ['""Lu]
Lu-DOTA-C2 was negligible, tumor uptake of ['”/Lu]Lu-DOTA-
ABDC2 was obvious. As shown in Fig. 8B, the tumor uptake
of [""Lu]Lu-DOTA-ABDC2 was significantly higher than that
of [""Lu]Lu-DOTA-C2. In comparison, the kidney retention of
['”Lu]Lu-DOTA-ABDC2 was significantly lower than that of
['"Lu]Lu-DOTA-C2 (P < 0.0001). The quantitative uptake
of these 3 tracers was shown in Fig. 8C. The TMR, tumor-to-
heart ratio, tumor-to-kidney ratio, and tumor-to-liver ratio
were shown in Fig. 8D. The weight and tumor volume changes
were shown in Fig. 8E and F, respectively. Unexpectedly, the
mice in the treatment group successively died after SPECT/CT
imaging, probably because of the high ""Lu dosage. Tumors in
the ["/Lu]Lu-DOTA-ABDC?2 treatment groups were gradually
eradicated, while tumor volume in the other 3 groups gradually
and steadily increased. ABDC2 alone did show any therapeutic
effect compared to the normal control group. These data suggest
that while ['”"Lu]Lu-DOTA-ABDC2 had a therapeutic effect,
the treatment schedules and doses need to be optimized.

Discussion

CD47-SIRPa axis is the first tumor phagocytosis checkpoint
pathway identified in the late 2000s. After that, the molecular
mechanisms underlying the role of the CD47-SIRP« axis in
normal and tumor tissues are gradually clarified [40-42]. The
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Fig.5.[*4Ga]Ga-NOTA-ABDC2 immunoPET imaging in No. 490 gastric cancer PDX models (4.31 - 0.22 MBg, n = 4). (A) Representative coronal (top panels) and axial (bottom
panels) images of [*®Ga]Ga-NOTA-ABDC2 immunoPET/CT in the PDX models. The images showed clear delineation of the tumors (white arrows) and hearts (yellow arrows).
(B) ROI data of [3Ga]Ga-NOTA-ABDC2 immunoPET imaging at different time points. (C) Exvivo biodistribution data showing the detailed uptake of [*Ga]Ga-NOTA-ABDC2
in the tumor, blood, major organs, and tissues. (D) Analysis of organ-to-muscle ratios (OMRs) at 1 h post-injection of the tracers. (E) Head-to-head comparison of the exvivo
biodistribution data in terms of organ-to-muscle ratios. %% %%: P < 0.0001. %% %: P < 0.0005.

efficacy of several mAbs and small molecular blockers targeting
CD47 has been tested in clinical practice [15,16,43]. Along
with the progress, both mAb and nanobody probes targeting
immune checkpoints (e.g., PD-L1) have shown encouraging
potential for patient screening and prognosis prediction [18,44].
Although radiolabeled mAbs may demonstrate the feasibility
for imaging of CD47, the relatively large size of mAbs results
in long blood half-lives and the use of long-lived radionuclides
such as *Zr and “Cu. Additionally, the poor tumor penetration
and relatively increased immunogenicity of mAb probes are
inevitable in some cases. In contrast, nanobodies with small
size, high stability, strong antigen-binding affinity, rapid tumor
uptake, and tumor-penetrating ability are preferable carriers
for molecular imaging and RIT.
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To our knowledge, there are no studies on nanobody probes
targeting CD47 so far. This raises the question of whether nano-
body-derived immunoPET imaging can apply to CD47 as well.
Therefore, on the basis of our previous work [34,35,38,45], we
constructed a nanobody molecular imaging probe, [*Ga]Ga-
NOTA-C2, which is very sensitive and accurate for detecting CD47
expression within the tumors. One drawback of the study was
that we used 2 gamma y-counters and the traditional y-counter
was not precisely calibrated, leading to differences between
biodistribution data with ROI analysis results (Fig. 4). CD47 is
overexpressed in a Varietz of tumors, and we only performed
PET/CT imaging with [**Ga]Ga-NOTA-C2 in 3 models of
colon cancer, ovarian cancer, and gastric cancer. Our unpublished
data further showed excellent detection ability of [**Ga]
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*%: P < 0.005.

Ga-NOTA-C2 and [*Zr]Zr-DFO-ABDC2 in pancreatic cancer
with high expression of CD47. Since [**Ga]Ga-NOTA-C2 did
not react with murine CD47, this tracer could not depict the
expression patterns of CD47 in mouse tissues and organs. Our
unpublished data showed that this tracer could also specifically
identify CD47 expression in CD47-humanized models and
blocking with ABDC2 could significantly decrease the CD47-
mediated uptake. With the tracers in hand, we may potentially
assess the CD47 dynamics before and after anti-CD47 therapies.

Because of the small molecular weight of the nanobodies,
they are rapidly excreted through the kidneys when adminis-
tered in vivo and partially retained in the kidneys. To improve
the image quality, we used the method previously reported,
such as injection of sodium maleate before tracer injection, to
reduce renal retention [34]. The optimized imaging results
showed a good target-to-background ratio. However, the
clinical feasibility and safety profiles of those small compounds
needed to be explored.

The short half-lives of nanobody probes, rapid renal clear-
ance, and the resultant substantial kidney retention prevent
further therapeutic uses of monovalent nanobodies. Fusing the
targeting molecule to an albumin-binding moiety to increase
the size of the construct by noncovalent binding to serum albu-
min is a useful strategy to extend in vivo half-life, improve the
bioavailability, reduce the kidney and liver uptake, and increase
the tumor uptake [38,46]. One variant denoted ABD035
(~5 kDa) displaying wild-type-like secondary structure content
showed an apparent affinity for serum albumin in the femto-
molar range [47]. In the current study, C2 was fused to ABD035
to improve biodistribution properties and pave the road for
improved **Zr-labeled immunoPET imaging and '’ Lu-labeled RIT.
Quantitative analysis of the [¥Zr]Zr-DFO-ABDC2 immunoPET
data revealed that ABDO035 fusion significantly increased blood
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pool retention time and decreased radioactivity retention in
the kidneys. After exploring the pharmacokinetics of ABDC2
in tumor-bearing mice using [*’Zr]Zr-DFO-ABDC2, we labeled
it with '""Lu for achieving CD47-targeted RIT. Preliminary
experimental results showed that ["""Lu]Lu-DOTA-ABDC2 RIT
showed the potential to inhibit the growth of CD47-positive
tumors. Nevertheless, this treatment modality is associated
with unexpected toxicity along with good tumor suppression.
To achieve a desirable result, we will use humanized mice for
the following experiments and adjust the treatment protocols
in terms of dosage and time intervals. In addition, ABD035 has
an fM-pM level binding affinity with human or mouse serum
albumin, which may cause excessive blood retention time and
consequently cause unavoidable blood toxicity when the fusion
protein was used as an RIT carrier. Currently, we are also using
some other albumin-binding moieties with weaker affinity to
balance the circulation time, therapeutic effect, and toxicity
[48,49]. The '""Lu-labeling treatment experiment also initially
validated the feasibility of ABDC2 as a therapeutic vector. RIT
as an important treatment modality will be explored in our
subsequent studies to achieve the desired treatment effect. In
addition, we are developing nanobody-drug conjugates using
ABDC?2 as the targeting scaffold [37,50].

Materials and Methods

Tumor cell lines and flow cytometry

Two solid tumor cell lines, SKOV-3 and LS174T, were used in
the experiment. The cell lines were purchased from the American
Type Culture Collection (Manassas, VA, USA) and cultured in
Dulbecco’s modified Eagle’s medium at 37 °C with 5% CO,.
Also added to the media were 10% fetal bovine serum (GE
Healthcare, Chicago, IL, USA) and 1% PenStrep (Invitrogen).
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Fig.7.[%°Zr]Zr-DFO-ABDC2 immunoPET imaging in No. 490 gastric cancer PDX models (4.10 + 0.50 MBg, n = 3). Representative coronal (top panels) and axial (bottom panels)
[89Zr]Zr-DFO-ABDC2 immunoPET/CT images at 6 h (A), 72 h (B), and 144 h (C). The tumors, hearts, and abdominal aortas were indicated by red arrows, yellow arrows, and
white arrows, respectively. (D) The maximum intensity projection images fused with CT images of all the time points show the distribution patterns of [*°Zr]Zr-DFO-ABDC2.
(E) ROI data showing the uptake kinetics of [*°Zr]Zr-DFO-ABDC? at different time points. (F) Tumor-to-muscle ratio (TMR) analysis at different time points after injection of
the tracer. (G) Exvivo biodistribution data showing the detailed uptake and distribution of [2°Zr]Zr-DFO-ABDC2.

Flow cytometry was used to detect CD47 expression on the
surface of SKOV-3 and LS174T cells. All the cells were washed
with sterile PBS and stained with a purified mouse anti-human
CD47 mAb (MCA-911, Clone BRIC126; Bio-Rad), followed by
washing and incubation of 5 ug/ml of Alexa Fluor 488-conjugated
goat anti-mouse IgG (Jackson ImmunoResearch Laboratories).
The second antibody-only group was only stained with Alexa
Fluor 488-conjugated goat anti-mouse IgG. Cells after staining
were examined on a MACSQuant cytometer (Miltenyi Biotec).
The data and plots were analyzed by the FlowJo software.

Expression and characterization of nanobodies and

nanobody derivatives

A healthy alpaca was immunized with 2 mg of recombinant
human CD47 protein (Cat: 12283-H08H; Sino Biological)
mixed with an equal volume of Freund's complete adjuvant 6
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times. Meanwhile, the extracellular domain of human CD47
fused to Fc (1 mg mixed with Freund's complete adjuvant) was
used to immunize Xinjiang Bactrian camel 3 to 7 times. Phage
display technology was used to obtain the positive clones,
followed by next-generation sequencing of the selected clones.
The sequences of 3 representative clones (C1 and C3 from
Bactrian camel and C2 from alpaca) were cloned into pET-
30a(+) and expressed in BL21(DE3) competent cells. Notably,
N-terminal his tag (HHHHHH) and C-terminal Q tag ((GGGGS),-
LLQS) were inserted into the nanobody sequences for
purification and site-specific conjugation, respectively. The
details were provided in the supplemental data. ABDC2
was further developed by fusing C2 with ABD (ABD035)
derived from the Streptococcal protein G with a flexible
(G,S); linker and expressed in human embryonic kidney
293 cells [47].
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Fig.8.Initial [’Lu]Lu-DOTA-ABDC2 theranostics in gastric-cancer PDX models. (A) Representative coronal (top panels) and axial (bottom panels) [’Lu]Lu-DOTA-C2 and [’Lu]
Lu-DOTA-ABDC2 immunoSPECT/CT images in No. 490 gastric cancer PDX models. [”’Lu]Lu-DOTA-ABDC2 delineated the tumors (red dashed coil), while [/ Lu]Lu-DOTA-C2
only displayed the kidneys (white dashed coil). (B) Biodistribution data was collected after [’Lu]Lu-DOTA-C2 and [’Lu]Lu-DOTA-ABDC2 immunoSPECT/CT imaging.
(C) Quantitative uptake of the 3 tracers. (D) Analysis of the tumor-to-muscle ratio (TMR), tumor-to-heart ratio (THR), tumor-to-kidney ratio (TKR), and tumor-to-liver ratio
(TLR) of the tracers. Curves show the changes in mouse body weights (E) and tumor volumes (F) over time. %% %: P < 0.0001.

Chelator conjugation, radiometal labeling, and
quality control

The detailed methods for chelator conjugation, ®*Ga/*Zr/""Lu-
labeling, and quality control of the tracers are provided in the
supplemental file.

Animal models, small animal imaging, and

treatment studies

All animal experiments were conducted in compliance with the
Institutional Animal Care and Use Committee (Renji Hospital,
School of Medicine, Shanghai Jiao Tong University). Briefly,
1 x 10° SKOV-3 and LS174T cells were suspended in sterile PBS
and Matrigel matrix (Corning) with a volume ratio of 1:1 and
then injected into the right posterior flanks of female Balb/c

Zhang et al. 2023 | https://doi.org/10.34133/research.0077

nude mice (4 to 5 wk; GemPharmatech). Tumor-free female
Balb/c mice (GemPharmatech) aged 4 to 5 weeks were used to
evaluate the circulation and excretion pathways of [**Ga]Ga-
NOTA-C2 and [*Ga]Ga-NOTA-ABDC2. NCG mice (NOD-
Prkdcem”*“*?[12rgem™*“**/Nju) were purchased from the National
Model Animal Resource Information Platform (#T001475,
Nanjing University, China) for establishing No. 490 gastric
cancer PDX models. These models were used for immunoPET
imaging 2 to 4 weeks after inoculation of the cells and tumor
tissues, assessing the diagnostic or therapeutic efficacies of the
developed nanobody probes.

The injection doses of [*®*Ga]Ga-NOTA-C2, [*Ga]Ga-NOTA-
ABDC2, [*Zr]Zr-DFO-ABDC2, [/"Lu]Lu-DOTA-C2, and [""Lu]
Lu-DOTA-ABDC?2 are summarized in Tables S1 and S2. The
mice were anesthetized and placed in the prone position on the

10
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scanning bed. Mouse PET/CT imaging was performed using an
IRIS PET/CT system (Inviscan Imaging Systems). The PET images
were reconstructed using Monte-Carlo-based 3-dimensional
ordered subset expectation maximization with ROIs drawn
manually using the OsiriX Lite software (Pixmeo SARL). The
ROI data presented as the percentage of injected dose per gram
of tissue (%ID/g) were analyzed on PMOD (PMOD Technologies
LLC) and Inveon Research Workplace (Siemens Preclinical
Solutions). For the therapeutic studies, No. 490 PDX models
were randomly divided into 5 groups (n = 5 for each group).
The therapeutic intervention began 1 week after the inoculation
of the tumors. Mice weights and tumor volumes were measured
by a calibrated weight scale and vernier caliper every 2 d.

Biodistribution and histopathological studies

The mice were sacrificed after PET imaging at the last time
point. Samples including blood were collected and wet-weighed,
and the radioactivity of the samples was counted using a tra-
ditional y-counter (ZONKIA, GC-1200) and an automated
y-counter (PerkinElmer). The uptake value in terms of %ID/g
(mean + SD) was calculated and given for major organs or
tissues. Please note that the gamma counting carried out on
the traditional y-counter was not as accurate as that detected
by the recently installed PerkinElmer y-counter.

Hematoxylin and eosin (H&E) and IHC staining of the fixed
tissues were carried out to evaluate the expression pattern of
CD47. Briefly, sections of 10 pm were cut and stained for H&E
and CD47 following the standard protocols. Two different
antibodies (B6H12, sc-12730, Santa Cruz Biotechnology, Inc.;
HPA044659, polyclonal rabbit IgG, Atlas Antibodies) were used
for IHC studies with the dilution rate of 1:100 and 1:500,
respectively. All the stained tissues were scanned for subsequent
analysis.

Statistical analysis

Results are presented as mean value + SD. Statistical analyses
were carried out by the Prism 8.3 statistical software (GraphPad
Software Inc.). Statistical significance for tumor volume
between groups was determined by multiple t-tests, and a
P value of less than 0.05 was statistically significant. (%P < 0.05,
%% P < 0.005, %% %P < 0.0005 and %% %P < 0.0001).
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Fig. S1. Immunohistochemical images of CD47-weakly positive
or negative tumors with B6H12 as the primary antibody.

Fig. S2. SDS-PAGE (A) and Western blot (B) analysis for C1
cloned in pET-30a(+) and expressed in BL21(DE3) strain.
Fig. S3. SDS-PAGE (A) and Western blot (B) analysis for C3
cloned in pET-30a(+) and expressed in BL21(DE3) strain.
Fig. S4. SDS-PAGE analysis for C1. Lane M: Protein marker;
Lane BSA: 2.00 pg; Lane R: Reducing condition.

Fig. S5. SDS-PAGE (A) and Western blot (B) analysis for C2
cloned in pET-30a(+) and expressed in BL21(DE3) strain.
Fig. S6. SDS-PAGE analysis for C2 (A) and ABDC2 (B).

Fig. S7. Surface plasmon resonance (SPR) studies showing the
affinity/kinetics of NOTA-C2 (A), NOTA-ABDC2 (B), DOTA-C2
(C), DOTA-ABDC2 (D), and DFO-ABDC2 (E) interacting
with recombinant human CD47 protein, respectively.

Fig. 8. Isotopic dilution experiment showing the dependency
between labeling yield and Ga(NO;); specific activity.

Fig. S9. Assessment of the radiochemical purity.

Fig. S10. Assessment of the radiochemical yield (A) and
radiochemical purity (B).

Fig. S11. Assessment of the radiochemical purity.

Fig. S12. [®*Ga]Ga-NOTA-C2 (6.98 + 1.38 MBq, n = 3) (A)
and [®*Ga]Ga-NOTA-ABDC2 (5.75 + 0.29 MBq, n = 4) (B)
immunoPET imaging in Balb/c mice 2 and 4 h after injection
of the tracer.

Fig. S13. Analysis of ROI (A) and biodistribution data (B) of
[**Ga]Ga-NOTA-C2 immunoPET imaging in cell- and
patient-derived models.

Fig. S14. Hematoxylin and eosin (H&E) and immunohisto-
chemistry staining of the resected tumors.

Fig. $15. Optimized [*Ga]Ga-NOTA-C2 immunoPET imaging
in SKOV-3 cancer models.

Fig. §16. (A) The maximum intensity projection images fused
with CT images of all the time points fairly showed the overall
distribution and uptake of [¥Zr]Zr-DFO-ABDC2 in No. 490
gastric PDX model across a week.

Table S1. The characteristics of precursor for ®*Ga and ¥'Zr
labeling and dosage injected for different models of immuno-
PET imaging.

Table S2. The groups’ details of initial ['""Lu] Lu-DOTA-ABDC2
theranostics in gastric PDX models.

Table S3. Dosimetric calculations.

References

1. Fenalti G, Villanueva N, Griffith M, Pagarigan B, Lakkaraju SK,
Huang RY, Ladygina N, Sharma A, Mikolon D, Abbasian M,
et al. Structure of the human marker of self 5-transmembrane
receptor CD47. Nat Commun. 2021;12(1):5218.

2. Logtenberg MEW, Scheeren FA, Schumacher TN. The CD47-
SIRPa immune checkpoint. Immunity. 2020;52(5):742-752.

3. Jaiswal S, Jamieson CHM, Pang WW, Park CY, Chao MP,
Majeti R, Traver D, van Rooijen N, Weissman IL. CD47 is
upregulated on circulating hematopoietic stem

1


https://doi.org/10.34133/research.0077

Research

10.

11.

12.

13.

14.

15.

16.

17.

cells and leukemia cells to avoid phagocytosis. Cell.
2009;138(2):271-285.

Willingham SB, Volkmer JP, Gentles AJ, Sahoo D, Dalerba P,
Mitra SS, Wang J, Contreras-Trujillo H, Martin R, Cohen JD,
et al. The CD47-signal regulatory protein alpha (SIRPa)
interaction is a therapeutic target for human solid tumors.
Proc Natl Acad Sci USA. 2012;109(17):6662-6667.

Majeti R, Chao MP, Alizadeh AA, Pang WW, Jaiswal S,

Gibbs KD Jr, van Rooijen N, Weissman IL. CD47 is an adverse
prognostic factor and therapeutic antibody target on human
acute myeloid leukemia stem cells. Cell. 2009;138(2):286-299.
Sugimura-Nagata A, Koshino A, Inoue S, Matsuo-Nagano A,
Komura M, Riku M, Ito H, Inoko A, Murakami H, Ebi M,

et al. Expression and prognostic significance of CD47-SIRPA
macrophage checkpoint molecules in colorectal cancer.
Int ] Mol Sci. 2021;22(5):2690.

Chao MP, Alizadeh AA, Tang C, Myklebust JH, Varghese B,
Gill S, Jan M, Cha AC, Chan CK, Tan BT, et al. Anti-CD47
antibody synergizes with rituximab to promote phagocytosis and
eradicate non-Hodgkin lymphoma. Cell. 2010;142(5):699-713.
Liu X, Pu, Cron K, Deng L, Kline ], Frazier WA, Xu H,

Peng H, Fu YX, Xu MM. CD47 blockade triggers T cell-
mediated destruction of immunogenic tumors. Nat Med.
2015;21(10):1209-1215.

Weiskopf K, Jahchan NS, Schnorr PJ, Cristea S, Ring AM,
Maute RL, Volkmer AK, Volkmer JP, Liu J, Lim JS, et al.
CD47-blocking immunotherapies stimulate macrophage-
mediated destruction of small-cell lung cancer. J Clin Invest.
2016;126(7):2610-2620.

Veillette A, Chen J. SIRPa-CD47 immune checkpoint blockade
in anticancer therapy. Trends Immunol. 2018;39(3):173-184.
Wang Y, Ni H, Zhou S, He K, Gao Y, Wu W, Wu M, Wu Z,

Qiu X, Zhou Y, et al. Tumor-selective blockade of CD47
signaling with a CD47/PD-L1 bispecific antibody for enhanced
anti-tumor activity and limited toxicity. Cancer Immunol
Immunother. 2021;70(2):365-376.

DuK,LiY, LiuJ, Chen W, Wei Z, Luo Y, Liu H, Qi Y, Wang E
Sui J. A bispecific antibody targeting GPC3 and CD47 induced
enhanced antitumor efficacy against dual antigen-expressing
HCC. Mol Ther. 2021;29(4):1572-1584.

Upton R, Banuelos A, Feng D, Biswas T, Kao K, McKenna K,
Willingham S, Ho PY, Rosental B, Tal MC, et al. Combining
CD47 blockade with trastuzumab eliminates HER2-positive
breast cancer cells and overcomes trastuzumab tolerance. Proc
Natl Acad Sci USA. 2021;118(29):2026849118.

Chen S-H, Dominik PK, Stanfield ], Ding S, Yang W, Kurd N,
Llewellyn R, Heyen J, Wang C, Melton Z, et al. Dual
checkpoint blockade of CD47 and PD-L1 using an affinity-
tuned bispecific antibody maximizes antitumor immunity.

J Immunother Cancer. 2021;9(10):e003464.

Advani R, Flinn I, Popplewell L, Forero A, Bartlett NL,
Ghosh N, Kline J, Roschewski M, LaCasce A, Collins GP, et al.
CD47 blockade by Hu5F9-G4 and rituximab in non-Hodgkin's
lymphoma. N Engl ] Med. 2018;379(18):1711-1721.

Sikic BI, Lakhani N, Patnaik A, Shah SA, Chandana SR, Rasco D,
Colevas AD, O'Rourke T, Narayanan S, Papadopoulos K, et al.
First-in-human, first-in-class phase I trial of the anti-CD47
antibody Hu5F9-G4 in patients with advanced cancers. ] Clin
Oncol Off ] Am Soc Clin Oncol. 2019;37(12):946-953.

Wei W, Rosenkrans ZT, Liu J, Huang G, Luo QY, Cai W.
ImmunoPET: Concept, design, and applications. Chem Rev.
2020;120(8):3787-3851.

Zhang et al. 2023 | https://doi.org/10.34133/research.0077

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Bensch E van der Veen EL, Lub-de Hooge MN, Jorritsma-Smit A,
Boellaard R, Kok IC, Oosting SE, Schroder CP, Hiltermann TJN,
van der Wekken AJ, et al. ¥Zr-atezolizumab imaging as a
non-invasive approach to assess clinical response to PD-L1
blockade in cancer. Nat Med. 2018;24(12):1852-1858.
Rashidian M, Ingram JR, Dougan M, Dongre A, Whang KA,
LeGall C, Cragnolini JJ, Bierie B, Gostissa M, Gorman J, et al.
Predicting the response to CTLA-4 blockade by longitudinal
noninvasive monitoring of CD8 T cells. ] Exp Med.
2017;214(8):2243-2255.

Rashidian M, LaFleur MW, Verschoor VL, Dongre A, Zhang Y,
Nguyen TH, Kolifrath S, Aref AR, Lau CJ, Paweletz CP,

et al. Immuno-PET identifies the myeloid compartment

as a key contributor to the outcome of the antitumor
response under PD-1 blockade. Proc Natl Acad Sci USA.
2019;116(34):16971-16980.

Griessinger CM, Olafsen T, Mascioni A, Jiang ZK, Zamilpa C,
Jia E, Torgov M, Romero JM, Marchioni F, Satpayev D, et al.
The PET-tracer (89)Zr-Df-IAB22M2C enables monitoring

of intratumoral CD8 T-cell infiltrates in tumor-bearing
humanized mice after T-cell bispecific antibody treatment.
Cancer Res. 2020;80(13):2903-2913.

Wei W, Jiang D, Ehlerding EB, Barnhart TE, Yang Y, Engle JW,
Luo QY, Huang P, Cai W. CD146-targeted multimodal image-
guided Photoimmunotherapy of melanoma. Adv Sci (Weinh).
2019;6(9):1801237.

Wei W, Jiang D, Lee HJ, Engle JW, Akiba H, Liu J, Cai W.
ImmunoPET imaging of TIM-3 in murine melanoma models.
Adv Ther (Weinh). 2020;3(7):2000018.

Wei W, Liu Q, Jiang D, Zhao H, Kutyreff CJ, Engle JW, Liu J,
Cai W. Tissue factor-targeted InmunoPET imaging and
Radioimmunotherapy of anaplastic thyroid cancer. Adv Sci
(Weinh). 2020;7(13):1903595.

Larson SM, Carrasquillo JA, Cheung N-KV, Press OW.
Radioimmunotherapy of human tumours. Nat Rev Cancer.
2015;15(6):347-360.

Green DJ, O'Steen S, Lin Y, Comstock ML, Kenoyer AL,
Hamlin DK, Wilbur DS, Fisher DR, Nartea M, Hylarides MD,
et al. CD38-bispecific antibody pretargeted
radioimmunotherapy for multiple myeloma and other B-cell
malignancies. Blood. 2018;131(6):611-620.

Cheal SM, Xu H, Guo HF, Patel M, Punzalan B, Fung EX,

Lee SG, Bell M, Singh M, Jungbluth AA, et al. Theranostic
pretargeted radioimmunotherapy of internalizing solid

tumor antigens in human tumor xenografts in mice: Curative
treatment of HER2-positive breast carcinoma. Theranostics.
2018;8(18):5106-5125.

Cheal SM, McDevitt MR, Santich BH, Patel M, Yang G,

Fung EK, Veach DR, Bell M, Ahad A, Vargas DB, et al.

Alpha radioimmunotherapy using ***Ac-proteus-DOTA

for solid tumors - safety at curative doses. Theranostics.
2020;10(25):11359-11375.

Zheleznyak A, Ikotun OF, Dimitry J, Frazier WA, Lapi SE.
Imaging of CD47 expression in xenograft and allograft tumor
models. Mol Imaging. 2013;12(8).

Krasniqi A, D'Huyvetter M, Devoogdt N, Frejd FY, Sorensen J,
Orlova A, Keyaerts M, Tolmachev V. Same-day imaging using
small proteins: Clinical experience and translational prospects
in oncology. ] Nucl Med. 2018;59(6):885-891.

Yang E, Liu Q, Huang G, Liu ], Wei W. Engineering nanobodies
for next-generation molecular imaging. Drug Discov Today.
2022;27(6):1622-1638.

12


https://doi.org/10.34133/research.0077

Research

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Wei W, Younis MH, Lan X, Liu ], Cai W. Single-domain antibody
theranostics on the horizon. J Nucl Med. 2022;63(10):1475-1479.
Zhao H, Wang C, Yang Y, Sun Y, Wei W, Wang C, Wan L,

Zhu C, Li L, Huang G, et al. InmunoPET imaging of human
CD8" T cells with novel **Ga-labeled nanobody companion
diagnostic agents. ] Nanobiotechnology. 2021;19(1):42.

Wang C, Chen Y, Hou YN, Liu Q, Zhang D, Zhao H, Zhang Y,
An S, LiL, HouJ, et al. ImmunoPET imaging of multiple
myeloma with [%Ga]Ga-NOTA-Nb1053. Eur ] Nucl Med Mol
Imaging. 2021;48(9):2749-2760.

Wei W, Zhang Y, Zhang D, Liu Q, An S, Chen Y, Huang G, Liu J.
Annotating BCMA expression in multiple myelomas. Mol
Pharm. 2022;19(10):3492-3501.

Tijink BM, Laeremans T, Budde M, Stigter-van Walsum M,
Dreier T, de Haard HJ, Leemans CR, van Dongen GAMS.
Improved tumor targeting of anti-epidermal growth factor
receptor Nanobodies through albumin binding: Taking
advantage of modular Nanobody technology. Mol Cancer Ther.
2008;7(8):2288-2297.

Xenaki KT, Dorrestijn B, Muns JA, Adamzek K, Doulkeridou S,
Houthoff H, Oliveira S, van Bergen En Henegouwen PM.
Homogeneous tumor targeting with a single dose of HER2-
targeted albumin-binding domain-fused nanobody-drug
conjugates results in long-lasting tumor remission in mice.
Theranostics. 2021;11(11):5525-5538.

An S, Zhang D, Zhang Y, Wang C, Shi L, Wei W, Huang G,

Liu J. GPC3-targeted immunoPET imaging of hepatocellular
carcinomas. Eur ] Nucl Med Mol Imaging. 2022;49(8):2682-2692.
Harmand T7, Islam A, Pishesha N, Ploegh HL. Nanobodies

as in vivo, non-invasive, imaging agents. RSC Chem Biol.
2021;2(3):685-701.

Eladl E, Tremblay-LeMay R, Rastgoo N, Musani R, Chen W,
Liu A, Chang H. Role of CD47 in hematological malignancies.
J Hematol Oncol. 2020;13(1):96.

Logtenberg MEW, Jansen JHM, Raaben M, Toebes M, Franke K,
Brandsma AM, Matlung HL, Fauster A, Gomez-Eerland R,
Bakker NAM, et al. Glutaminyl cyclase is an enzymatic
modifier of the CD47- SIRPw axis and a target for cancer
immunotherapy. Nat Med. 2019;25(4):612-619.

Zhang et al. 2023 | https://doi.org/10.34133/research.0077

43.

44,

45.

46.

47.

48.

49.

50.

Casey SC, Tong L, Li Y, Do R, Walz S, Fitzgerald KN, Gouw AM,
Baylot V, Glitgemann I, Eilers M, et al. MYC regulates the
antitumor immune response through CD47 and PD-L1.
Science. 2016;352(6282):227-231.

Ansell SM, Maris MB, Lesokhin AM, Chen RW, Flinn IW,
Sawas A, Minden MD, Villa D, Percival MM, Advani AS, et al.
Phase I study of the CD47 blocker TTI-621 in patients with
relapsed or refractory hematologic malignancies. Clin Cancer
Res. 2021;27(8):2190-2199.

LvG,Sun X, Qiu L, Sun Y, Li K, Liu Q, Zhao Q, Qin S, Lin J.
PET imaging of tumor PD-L1 expression with a highly
specific nonblocking single-domain antibody. ] Nucl Med.
2020;61(1):117-122.

Wei W, Zhang D, Wang C, Zhang Y, An S, Chen Y, Huang G,
Liu J. Annotating CD38 expression in multiple myeloma with
["®*F]F-Nb1053. Mol Pharm. 2022;19(10):3502-3510.

Orlova A, Jonsson A, Rosik D, Lundqvist H, Lindborg M,
Abrahmsen L, Ekblad C, Frejd FY, Tolmachev V. Site-
specific radiometal labeling and improved biodistribution
using ABY-027, a novel HER2-targeting affibody molecule-
albumin-binding domain fusion protein. ] Nucl Med.
2013;54(6):961-968.

Jonsson A, Dogan ], Herne N, Abrahmsen L, Nygren PA.
Engineering of a femtomolar affinity binding protein

to human serum albumin. Protein Eng Des Sel.
2008;21(8):515-527.

Dennis MS, Jin H, Dugger D, Yang R, McFarland L, Ogasawara A,
Williams S, Cole MJ, Ross S, Schwall R. Imaging tumors with
an albumin-binding fab, a novel tumor-targeting agent. Cancer
Res. 2007;67(1):254-261.

Dennis MS, Zhang M, Meng YG, Kadkhodayan M, Kirchhofer D,
Combs D, Damico LA. Albumin binding as a general strategy
for improving the pharmacokinetics of proteins. J Biol Chem.
2002;277(38):35035-35043.

Pallarés V, Unzueta U, Falgas A, Sanchez-Garcia L, Serna N,
Gallardo A, Morris GA, Alba-Castelléon L, Alamo P, Sierra J, et al.
An Auristatin nanoconjugate targeting CXCR4" leukemic
cells blocks acute myeloid leukemia dissemination. ] Hematol
Oncol. 2020;13(1):36.

13


https://doi.org/10.34133/research.0077

	Development and Characterization of Nanobody-Derived CD47 Theranostic Pairs in Solid Tumors
	Introduction
	Results
	Detection of CD47 expression on different tumor cells
	Determination of in vitro binding affinities
	Development and characterization of radiotracers
	Pharmacokinetics of [68Ga]Ga-NOTA-C2 and [68Ga]Ga-NOTA-ABDC2 in tumor-free mice
	[68Ga]Ga-NOTA-C2 immunoPET imaging in cell-derived xenograft and PDX models
	Optimized [68Ga]Ga-NOTA-C2 immunoPET imaging in ovary cancer models
	[68Ga]Ga-NOTA-ABDC2 immunoPET imaging in No. 490 PDX models
	[68Ga]Ga-NOTA-C2 and [68Ga]Ga-NOTA-ABDC2 blocking studies
	[89Zr]Zr-DFO-ABDC2 immunoPET imaging in No. 490 PDX models
	Exploratory [177Lu]Lu-DOTA-ABDC2 theranostics in gastric cancer PDX models

	Discussion
	Materials and Methods
	Tumor cell lines and flow cytometry
	Expression and characterization of nanobodies and nanobody derivatives
	Chelator conjugation, radiometal labeling, and quality control
	Animal models, small animal imaging, and treatment studies
	Biodistribution and histopathological studies
	Statistical analysis

	Acknowledgments
	Data Availability
	Supplementary Materials
	References


