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Carbohydrate antigen 19-9 (CA19-9) with multi epitopes relatively high expresses on colorectal cancer
(CRC) cells, making it an attractive target for developing radioimmunotherapy (RIT) for CRC. The lutetium-
177 (7Lu) labeled monoclonal antibodies (mAbs) can selectively bind the corresponding antigens and
release targeted cytotoxic radiation, which could induce cell apoptosis and reduce the drug-induced re-
sistance. Here, a series of CA19-9 mAbs were labeled with zirconium-89 (89Zr), and one with high tumor
uptake was screened via PET imaging, which has potential application for the diagnosis of CRC. Then the
screened mAb (C003) labeled with 7’Lu was utilized for CA19-9 targeted RIT, which presents a signifi-
cant suppression effect on the growth of colo205 xenografts than immunotherapy alone. Meanwhile, the
side effects of 77Lu-DOTA-C003 are limited according to the results of in vivo study. Both 3°Zr-DFO-C003
for CRC immune-PET imaging and 77Lu-DOTA-C003 for RIT against CRC exhibit good potential in clinical

Radioimmunotherapy applications

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

As the third most common type of diagnosed cancer, colorec-
tal cancer (CRC) has 2 million new cases in 2020, and it is also
the second most common cause of cancer death (almost 1 million
deaths annually) worldwide [1]. Among CRC diagnoses, 20% have
metastatic CRC [2], another 25% with the localized tumor will de-
velop into metastases later [3], and 40% of localized diseases recur
after treatment [4]. Metastatic CRC has a poor prognosis, whose 5-
year survival rate is not over 20% [2].

Surgery is typically the first treatment for most CRC [5]. Sys-
temic therapy is the primary treatment for unresectable metastatic
CRC, including cytotoxic chemotherapy, immunotherapy, biologic
therapy, radiation therapy, and their combinations [3]. Since mon-
oclonal antibodies (mAbs) can bind the corresponding target anti-
gens with high affinity and specificity, mAbs therapy is a promis-
ing molecular targeted therapy for CRC. In addition to their appli-
cation in independent immunotherapy, mAbs can also be utilized
for antibody-drug conjugate (ADC) therapy or radioimmunother-
apy (RIT) [6]. One of the reasons that the latter has broad clin-
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ical applications for cancer treatment [7,8] is the biological half-
life of mAbs matches the physical half-life of the commonly used
therapeutic radionuclide compared to small molecules such as
peptides. The therapeutic radionuclide labeled mAbs could cause
DNA double-strand break in tumor cells, which induces cell death
and decreases the antibody-induced resistance [9-11]. The ther-
apeutic radionuclide Lutetium-177 (177Lu) has received consider-
able attention due to its B emission energy (Egyq=497KkeV)
and suitable half-life (6.7 days) [12,13]. The '77Lu radiolabeled
mAbs are considered to be a promising cancer therapeutic
agent [14-16].

Carbohydrate antigen 19-9 (CA19-9), also known as Sialyl Lewis
A, is a ligand for epithelial leukocyte adhesion molecules [17], and
its overexpression plays a principal part in the invasion and metas-
tasis of many cancers, including CRC [18]. As one of the most rep-
resentative tumor markers in CRC [19-22], CA19-9 presents on the
cellular membrane of tumor cells in more than 56% of CRC patients
[23]. While the serum CA19-9 level of patients with metastatic
CRC is only significantly higher than that of asymptomatic tu-
mor patients or the healthy controls by about 35% to 40%, there
was no noteworthy difference between the latter two groups [24].
Thus, serum CA19-9 estimation is valueless for asymptomatic CRC

1001-8417/© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.



J. Wang, L. Zhuo, P. Zhao et al.

Chinese Chemical Letters 33 (2022) 3502-3506

Fig. 1. Scheme of screening for a '77Lu-labeled CA19-9 mAb via PET imaging of 39Zr-labeled CA19-9 mAbs for CRC therapy.

Fig. 2. Micro-PET/CT imaging of 89Zr-DFO-C001 (A), 89Zr-DFO-C002 (B), and #°Zr-DFO-C003 (C) at 48 h and 312h in co0lo205 tumor-bearing mice, the red circles indicate
the tumor location. The pharmacokinetics of 89Zr-DFO-C001 (D), 89Zr-DFO-C002 (E), and 8°Zr-DFO-C003 (F) in co0lo205 tumor-bearing mice via analysis of PET/CT imaging

(n=3/group).

screening [25]. However, both serum level and immunohistochem-
ical expression of CA19-9 have been considered as prognostic in-
dicators for CRC patients [22,23]. The relatively high expression
of CA19-9 in CRC patients suggests that it can be an attractive
target for developing CRC-specific targeting agents. In addition,
a single CA19-9 bearing multi epitopes [26] gives it a theoreti-
cal advantage over other protein tumor antigens, such as carci-
noembryonic antigen (CEA). Hence, we wondered whether effec-
tive radioisotope-labeled CA19-9 mAbs could work as radiophar-
maceuticals for unresectable metastatic CRC. Though the natural
characteristics of mAbs are suitable for targeting tumors [27], ideal
mAbs for RIT should present high uptake, long retention in tumors,
and low uptake in major organs. Here, a systematic Positron Emis-
sion Tomography (PET) imaging study of a series of CA19-9 mAbs
was performed to screen a potential candidate for RIT. In brief, the
mAbs were radiolabeled with zirconium-89 (89Zr) for screening a
mAb with high tumor-specific uptake via PET/CT imaging, then the
screened mAb was labeled with 77Lu, and the anti-tumor efficacy
was evaluated for CRC (Fig. 1). As far as we known, it is the first
time that a radiolabeled CA19-9 mAb was developed for CRC treat-
ment.
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Three mAbs (C001, C002 and C003), as representative candi-
dates for targeting CA19-9, were radiolabeled with 89Zr. The con-
jugation scheme and structure of 8Zr-DFO-mAb are illustrated in
Fig. 1. And the radiochemical purity (RCP) of 39Zr-DFO-C001, 89Zr-
DF0-C002, and 39Zr-DFO-C003 were greater than 98% in terms of
the instant thin-layer chromatography (iTLC) (Fig. S1 in Support-
ing information). The in vivo biodistribution of the 89Zr-mAbs was
investigated in BALB/c mice bearing colo205 xenografts. And the
micro-PET/CT images were recorded at a series of time points after
administration (Figs. 2A-C and Fig. S2 in Supporting information)
Based on the analysis of PET/CT imaging, the time-activity curves
were utilized for further interpreting the pharmacokinetics (Figs.
2D-F).

The tumor accumulation of 89Zr-DFO-C001 and 8°9Zr-DFO-C002
was low (Figs. 2A and B), which increased slightly and gradually
until 168 h. Uptake in the cardiac blood pool was notable at 1h
post-injection, which decreased significantly at 24h and was al-
most negligible after 48 h. The rapid clearance of 89Zr-DFO-C001
and 89Zr-DFO-C002 from circulation may be a reason that induces
low tumor uptake. Meanwhile, the liver uptake decreased gradu-
ally after reaching its peak at 1h post-injection, indicating that the
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Fig. 3. Quality control of '77Lu-DOTA-C003. (A) The immunoreactive fraction of
77Lu-DOTA-C003. (B) Saturation cell-binding studies of '77Lu-DOTA-C003 per-
formed with colo205 cells. (C) Determination of K4 and Bpax.

hepatobiliary clearance is fast. This result is consistent with the
rapid decline of blood uptake. Generally, the low tumor uptake and
poor pharmacokinetics suggest that C001 and C002 are not optimal
candidates for CA19-9 targeted radiotherapy.

The screen was continued until C003 was found. Compared
with 89Zr-DFO-C001 and 8°Zr-DFO-C002, 89Zr-DFO-C003 presented
relatively lower liver uptake within 312 h. Notable uptake in car-
diac blood was also observed with 89Zr-DFO-C003 at 1h, while it
decreased slower than the other two candidates, which increases
the possibility of tumor uptake. The tumor uptake of 89Zr-DFO-
C003 was observable at 24h post-injection and then continually
increased to 10.3540.78 %ID/g at 96 h, which kept higher than the
liver uptake from 24h to 312h. According to the imaging expo-
sure dose of tissue,39Zr-DFO-C003 also exhibited the best tumor-
targeting efficacy (Fig. S3 in Supporting information). Hence, C003
was selected for 177Lu labeling and subsequent RIT due to its high
tumor targeting.

The binding affinity determination of C003 and DOTA-C003
shows these two mAbs displayed similar specific binding affin-
ity to CA19-9-positive colo205 cells (Fig. S4 in Supporting in-
formation), which suggests that conjugation with DOTA does not
affect the binding ability significantly. The scheme of conjuga-
tion and structure of 177Lu-DOTA-C003 are shown in Fig. 1. The
average conjugation number of DOTA on every C003 molecule
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is 3.19+0.15, which was determined via a spectrophotometric
method as described previously [28]. An aliquot of 77LuCl; (~185
MBq) was incubated with 2.5mg of DOTA-C003 in NaOAc buffer
(0.5mol/L, pH 5.5) at 40 °C for 1h. The RCP of 77Lu-DOTA-
C003 was greater than 98% (Fig. S5 in Supporting information).
The specific activity of 77Lu-DOTA-C003 was calculated to be 74
MBq/mg. Size-exclusion HPLC analysis of the !77Lu-DOTA-C003
shows a single peak whose retention time corresponds to the
unlabeled C003 (Fig. S6 in Supporting information), which in-
dicates that there was no aggregation, and conjugation and
radiolabeling did not destroy the structure of C003. For fur-
ther investigation, the good in vitro stability of 177Lu-DOTA-
C003 has been proved with >95% of activity in saline and
>86% in 10% FBS at ambient temperature for 120h (Table S1 in
Supporting information), which indicates 77Lu-DOTA-C003 is sta-
ble enough for future in vitro and in vivo studies.

All the in vitro cell studies were performed with CA19-9 pos-
itive colo205 cells. The immunoreactive fraction (IRF) determined
by the Lindmo assay was 86.9% (Fig. 3A). 77Lu-DOTA-C003 could
specifically bind colo205 cells, while the value of half-maximal
effective concentration (ECsg) was 206 nmol/L (Fig. 3B), which is
about an order higher than that of other targeted mAbs to their
corresponding target cells. The saturation binding amount (Bmax)
of 177Lu-DOTA-C003 with colo205 cells (1 x 10°) is also relatively
high up to 74.97+2.23nmol (Fig. 3C), which indicates that the
maximum binding of each colo205 cell is 0.75 fmol on average.
The reasons may be the high expression of CA19-9 on the surface
of colo205 cells and a single CA19-9 bearing multi epitopes. And
the equilibrium dissociation constant (Ky) was 0.22 +0.02 nmol/L,
suggesting 177Lu-DOTA-C003 shows good binding affinity to
CA19-9.

The biodistribution study of 77Lu-DOTA-C003 was also per-
formed in colo205 tumor-bearing mice (Fig. 4A). Consistent with
the PET imaging analysis of 89Zr-DFO-C003, 77Lu-DOTA-C003 also
exhibited high blood uptake at 24h post-injection and then de-
creased gradually to 5.19 &+ 1.62 %ID/g at 96 h. At the same time,
the liver uptake kept relatively stable from 11.22 + 1.52 to 9.23 +
3.06 %ID/g from 24h to 96 h, indicating the 77Lu-DOTA-C003 was
mainly hepatic metabolism. And the relatively high tumor uptake
of 77Lu-DOTA-C003 increased from 10.03 + 1.35 %ID/g (24h) to
15.18 + 2.56 %ID/g (96 h) suggests it could be a candidate for RIT.
Then we further investigated the anti-tumor effect of 177Lu-DOTA-
C003 and C003 on colo205 xenografts. RIT using radiolabeled
mAbs is an effective cancer treatment strategy, whose main ad-
vantage is the combination of ionizing radiation and mAbs effect.
Because cytotoxic radionuclides can bind antigens on the surface
of tumor cells specifically via mAbs and then targeting release the
cytotoxic radiation [29-32]. In addition, radiotherapy can induce
a systemic anti-tumor immune response [33-36]. It was hypoth-
esized that the addition of radiotherapy could improve treatment
effects without introducing new chemotherapy drugs. For the C003
group, the tumor-bearing mice were injected intravenously with 5
mg/kg of C003, repeated 14 days after the first treatment (Fig. S7
in Supporting information). At the same time, the tumor-bearing
mice of the 77Lu-DOTA-C003 group were treated with an aliquot
of 177Lu-DOTA-C003 (~7.4 MBq) following the same procedure.
The tumor-bearing mice injected with saline work as the con-
trol group. As shown in Fig. 4B, the average standardized tumor
volume (STV) of the C003 group (328% + 40%) and the con-
trol group (358% + 28%) were significantly higher than that of
the 77Lu-DOTA-C003 group (221% + 33%) after 15 days of treat-
ment. This result shows that the 177Lu-DOTA-C003 presents sig-
nificantly stronger therapeutic efficacy than the unlabeled C003
with the same dose of mAb. The STV of the 77Lu-DOTA-C003
group is 315% + 67%. The survival period of the 77Lu-DOTA-C003
group was significantly longer than that of the other two groups (P
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Fig. 4. Anti-tumor treatment study and biosafety evaluation of 77Lu-DOTA-C003 and C003 in BALB/c mice with colo205 xenografts. (A) Biodistribution of 77Lu-DOTA-C003
in colo205 xenografts at 24 h, 48 h and 96 h (n=3). (B) The standardized tumor volume (STV) of colo205 tumor-bearing mice (n=>5). (C) Record of standardized bodyweight
of c0l0205 tumor-bearing mice (n=5). (D) H&E staining of liver and tumor tissues from C003 control and '77Lu-DOTA-C003 group after treatment.

< 0.05) (Fig. S8 in Supporting information). Compared with the
control group, C003 immunotherapy was not enough to inhibit tu-
mor growth alone at the dose of 5mg/kg, and there was no note-
worthy difference between the C003 group and the control group
(P > 0.05). According to these results, the essential role of 77Lu
induced radiotherapeutic effect has been proved in the therapy of
CA19-9-positive tumor models.

For RIT, potential toxicity is the reason for limiting radiation
doses and causing side effects of treatment [37]. In our group,
the body weights of the mice in the 77Lu-DOTA-C003 group were
found to decrease about 10% (P < 0.05), whereas the C003 group
and the control group did not show any decrease (Fig. 4C). For
evaluating the side effect, histological analysis of the liver was
performed in the C003 group and the 177Lu-DOTA-C003 group af-
ter treatment. The H&E staining confirmed the livers of the mice
treated with 177Lu-DOTA-C003 had a few hemorrhagic spots, which
were not observed in the liver tissue of the C003 group (Fig. 4D).
These results suggest that the 77Lu-DOTA-C003 treatment may
have some side effects caused by the accumulation of 77Lu. A large
amount of tumor tissue necrosis can be observed in the radio-
therapy group, while the tumor tissue of the C003 group showed
no apparent change. Taken together, these results indicated 77Lu-
DOTA-C003 presents limited toxicity and accepted biosafety for
RIT, and could induce the damage of the tumor.

The combination of the specific tumor-targeting mAbs and the
suitable radionuclide provides an effective strategy for the diag-
nostic imaging of tumors, therapy effect evaluation, and tumor-
targeting ionizing radiation delivery [27]. Differences in the target
antigen expressed level and the specific targeting ability of mAbs
affect the tumor uptake efficacy of mAbs and therapeutic effect
[38]. CA19-9 is overexpressed in some CRC, while its expression
level is relatively low in normal tissues. Moreover, a single CA19-9
bearing multi epitopes makes it more advantageous as a tumor tar-
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get, which is suitable for some novel treatment strategies, such as
RIT. In this study, the CA19-9 mAbs conjugated with DFO or DOTA
were successfully prepared. The theranostic role of #9Zr/177Lu-
labeled CA19-9 mAbs was evaluated in colo205 xenografts. 89Zr-
DFO-mAbs could differentiate the biodistribution of mAbs in vivo,
which is useful for screening the mAb with high tumor uptake.
Among the three candidates, 89Zr-DFO-C003 showed high uptake
of about 10 %ID/g in the CA19-9-positive tumor and low uptake in
non-target tissues, which provides good tumor contrast and may
be useful for CA19-9-targeted diagnosis. Thus, C003 was chosen as
a highly tumor-targeting candidate for 7’Lu labeling and the fol-
lowing RIT. The good in vitro stability of 177Lu-DOTA-C003 has been
proved with no off-labeling and degradation after incubation for
120h in 10% FBS and PBS, which is critical for RIT. Moreover, the
177L,u-DOTA-C003 could specifically bind colo205 cells in vitro, and
effectively inhibit the growth of colo205 xenografts compared with
the other two groups treated with unlabeled C003 and saline. Also,
limited toxicity was observed by 77Lu-DOTA-C003 in the immuno-
histochemical analysis. Hence, 3°Zr/'77Lu labeled C003 provides an
effective approach for the theranostic of CA19-9-positive CRC.

It should be pointed out that some limitations in this study re-
quire more attention in future work. First of all, the study was only
performed in mice bearing colo205 xenografts. In addition, both
the determination of the appropriate dose and the timing of ad-
ministration are crucial for maximizing the therapeutic efficacy, so
more research work is required to figure out the optimal combina-
tion. Lastly, as the shed and circulating CA19-9 cannot be ignored
in clinical practice, a preloading strategy is required for improving
tumor uptake, increasing tumor-to-tissue ratios, and reducing up-
take in non-target tissues.

In summary, a highly specific CA19-9 mAb (C003) was screened
via Micro-PET/CT imaging and worked as a candidate for 77Lu
labeling and following RIT. An aliquot of 77Lu-DOTA-C003 (~7.4
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MBg/mouse) displayed a significantly better treatment efficacy
than the 5mg/kg immunotherapy, and there was no noticeable ob-
servation of side effects. This is the first time that a radiolabeled
CA19-9 mAb was developed for CRC treatment. Both the 39Zr-DFO-
€003 for CRC immune-PET imaging and the 77Lu-DOTA-C003 for
radiotherapy against CRC exhibit good potential in clinical applica-
tion.
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